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V 

S W R Y  

Dimensionless groups of thermal mode l i n g  parameters  were de r ived  

t o  i d e n t i f y  methods f o r  t e s t i n g  reduced-scale  thermal  models and p r e d i c t i n g  

from those  experiments  t h e  thermal  c h a r a c t e r i s t i c s  of  f u l l - s c a l e  s p a c e c r a f t  

v e h i c l e s  o r  components. The fol lowing h e a t  t r a n s f e r  phenomena were con- 

s i d e r e d  i n  t h e  a n a l y s i s :  

1. Heat t r a n s p o r t  by s o l i d  conduct ion;  

2 .  Heat t r a n s p o r t  a t  s o l i d - t o - s o l i d  i n t e r f a c e s ;  

3. Heat genera ted  by i n t e r n a l  power sou rces ;  

4. I n t e r n a l  energy changes dur ing  t r a n s i e n t s ;  

5. Heat t r a n s p o r t  v i a  thermal r a d i a t i o n  emi t t ed  from 

s u r f a c e s  ; 

6.  Heat t r a n s p o r t  v ia  r a d i a t i o n  absorbed a t  s u r f a c e s .  

Two sets  of s c a l i n g  laws f o r  thermal modeling were de r ived  from the  c o n t r o l -  

l i n g  d imens ionless  groups.  One set  would r e q u i r e  t h a t  t he  teupera ture- t ime 

d i s t r i b u t i o n s  ( i n  normalized space) of  model and p ro to type  be i d e n t i c a l .  

Th i s  could be accomplished by f a b r i c a t i n g  the  model and p ro to type  o f  d i f -  

f e r e n t  m a t e r i a l s .  Another se t  would r e q u i r e  t h a t  the  model and p ro to type  

be made o f  i d e n t i c a l  m a t e r i a l s .  I n  t h i s  ca se  t h e  temperatures  i n  t h e  model 

and p ro to type  would d i f f e r .  

a 

We have at tempted t o  i d e n t i f y  a most promising method f o r  thermal  

model ing;  however, w e  f i n d  t h a t  each method has  merits which may be i d e a l l y  

artbur B.IUittle,Bnc. 



s u i t e d  t o  the  thermal modeling o f  a c e r t a i n  s p a c e c r a f t ,  and the  des ign  of a 
each  d i f f e r e n t  pro to type  w i l l  have t o  be eva lua ted  i n  o r d e r  t o  select  the  

1. - _ L  

U I ~ L  mei'nud. FUK exurnpis, La cer iuin  proio iyye  s y r i e m v  i t  may n o i  be pos- 

s i b l e  t o  test  a reduced-scale  thermal model wi th  i d e n t i c a l  t empera tures ,  

a t  corresponding geometr ic  l oca t ions ,  i f  t he  thermal  conduc t iv i ty  of  the  

pro to type  i s  extremely small. S imi l a r ly ,  i t  may no t  be f e a s i b l e  t o  test  a 

thermal model f a b r i c a t e d  from the  same a ra t e r i a l  as the  pro to type  i f  t h e  

s u r f a c e  c h a r a c t e r i s t i c s  o r  t h e  thermal p r o p e r t i e s  are h i g h l y  temperature 

dependent.  In a d d i t i o n ,  t h e  s c a l e  may be l imi t ed  by t h e  h i g h e s t  abso lu t e  

temperature  l e v e l  t o l e r a b l e  i n  the  model and test chamber. 

Two thermal models (one approximately h a l f  scale) were f a b r i c a -  

ted 

temperatures  a t  i d e n t i c a l  geometric l o c a t i o n s .  The model temperature  d i s t r i -  

bu t ions  were measured i n  a "cold" (LN temperature) w a l l  vacuum chamber. 2 

The d e t a i l s  of t h e  t e a t  r e s u l t s  and the  appara tus  are presented  i n  Sec t ions  

I1 and 111 of t h i s  r e p o r t .  

i n  accordance wi th  t h e  sca l ing  l a w  which would p r e d i c t  equ iva len t  
6 

The resul ts  of the  t e s t s  i n d i c a t e  t h a t  t he  thermal modeling con- 

c e p t  adopted for t h i s  program is p r a c t i c a l ;  however, we encountered some 

exper imenta l  d i f f i c u l t i e s  wi th  the  s m a l l  models used i n  t h i s  program. I n  

t h e  smallest scale model t he  input  power d i s s i p a t e d  w a s  of t h e  o rde r  of 700 

m i l l i w a t t s ,  and f o r  t h i s  i npu t  power range one must be concerned wi th  the  

e f f e c t s  of ins t rumenta t ion  and power l eads .  U n c e r t a i n t i e s  i n  the  h e a t  flow 

/ 
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v i i  

c h a r a c t e r i s t i c s  of such leads  thus inf luence  t h e  experimental  accuracy of 

thermal  modeling on such a small  s ca l e .  

I n  sullPnary, w e  be l i eve  t h a t  p r e c i s e  thermal  modeling i s  i n -  

h e r e n t l y  l i m i t e d  by t h e  s i z e  of the smallest s c a l e d  model (as measured by 

t h e  inpu t  power per  u n i t  volume). If i t  is necessary  t o  conduct thermal  

modeling experiments and o b t a i n  a high degree of  accuracy a t  low inpu t  power 

l e v e l s ,  f u r t h e r  work w i l l  be required t o  i d e n t i f y  and e l i m i n a t e  t h e  un- 

c e r t a i n t i e s  involved i n  instrumenting the  t e s t  models. 



INTRODUCTION 

The b a s i c  o b j e c t i v e  of our program i s  t o  i n v e s t i g a t e  methods 

f o r  p r e d i c t i n g  the thermal performance of a f u l l - s c a l e  s p a c e c r a f t  package 

o r  i t s  components from ground t e s t i n g  of reduced-scale  models. The sub- 

j e c t  material coctained i n  t h i s  r e p o r t  d e a l s  w i t h  the  f i r s t  phaseof a n  

o v e r - a l l  program which e n t a i l s  t h e  t e s t i n g  of s c a l e  models of a s imulated 

s p a c e c r a f t .  The purpose of t h i s  Phase  I e f f o r t  is t o  e v a l u a t e  approaches 

to  t h e  thermal modeling probSsn and t o  dev i se  and undertake c e r t a i n  b a s i c  

experiments t o  e v a l u a t e  t h e  thermal modeling laws proposed f o r  f u t u r e  

phases .  

This  program is  being funded by the Jet  P ropu l s ion  Laboratory 

of t h e  C a l i f o r o i a  I n s t i t u t e  of Technology. The Techn ica l  Represen ta t ive  

of the Je t  Propuls ion Laboratory for  t h i s  program is D r .  J .  F .  Vickers .  

at thut ?D .#it t1e,3 nc. 
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THERMAL MODELING OF A SIMULATED JPL SPACECRAFT 
PHASE I RESULTS 

I.  THE T H E M L  -*DELTiG PKZlELiEW 

A. INTROWCT ION 

The b a s i s  f o r  modeling any p h y s i c a l  system must be t h e  d e r i v a -  

t i o n  of the  independent dimensionless groups con ta in ing  ( toge ther )  a l l  the  

p h y s i c a l  q u a n t i t i e s  which i n t e r a c t  t o  determine t h e  behavior  of t h i s  

system. Once having determined the f u n c t i o n a l  r e l a t i o n s h i p  between the  d i -  

mensionless  groups by a n a l y s i s  o r  experiment t he  p h y s i c a l  behavior of a l l  

s imi la r  systems i s  completely cha rac t e r i zed .  The advantages of t h i s  ap- 

proach stem from the  f a c t  t h a t  the independent v a r i a b l e s  c o n t r o l l i n g  the  

behavior  of t he  system are reduced t o  a minimum, and, i n  cases  where expe r i -  

ment is requ i r ed  t o  determine the  behavior ,  tests a t  a reduced geometr ic  

s c a l e  can be used t o  p r e d i c t  t he  behavior of a l a r g e r  sys t em.  

The l e a s t  number of dimensional q u a n t i t i e s  needed t o  desc r ibe  

t h e  system and i t s  i n t e r a c t i o n  with i t s  environment must be determined by 

p h y s i c a l  reasoning.  This  impl ies ,  and r e q u i r e s ,  an understanding of t he  

a c t i v e  p h y s i c a l  phenomena. 

I n  the  case  of the thermal modeling of s p a c e c r a f t  we are con- 

cerned w i t h  the  temperature d i s t r i b u t i o n s  which r e s u l t  from i n t e r n a l  power 

sou rces  and the  thermal i n t e r a c t i o n  of the  c r a f t  w i t h  i t s  environment. 
I 

Although c losed-cyc le  thermodynamic systems involv ing  flow loops and power 

/ ;  Zlr thur D .Uit t Ie,B nc. 
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machinery may be p r e s e n t  i n  

s p a c e c r a f t  elements wherein 

many s p a c e c r a f t ,  w e  con f ine  ou r  a t t e n t i o n  t o  

the temperature d i s t r i b u t i o n s  are determined by 

h e a t  t r a n s f e r  v i a  the mechanisms of r a d i a t i o n  and conduction i n  soiia mem- 

b e r s .  I n  o r d e r  t o  d e r i v e  the  dimensional q u a n t i t i e s  which determine the  

thermal behavior of t h i s  class of s p a c e c r a f t  system i t  i s  u s e f u l  t o  th ink  in 

terms of the fol lowing a c t i v e  heat  t r a n s f e r  phenomena: 

1. Heat t r a n s p o r t  by s o l i d  conduction 

2. Heat t r a n s p o r t  a t  s o l i d - t o - s o l i d  i n t e r f a c e s  

3. Heat generated by i n t e r n a l  sou rces  

4. Heat ( i n t e r n a l  energy) changes du r ing  t r a n s i e n t  

5. Heat t r a n s p o r t  v i a  r a d i a t i o n  emi t t ed  from surfaces 

6.  Heat t r a n s p o r t  v i a  r a d i a t i o n  absorbed a t  s u r f a c e s  

B. HEAT TRANSPORT BY SOLID CONDUCTION 

Beat t r a n s f e r  by s o l i d  conduction can be c h a r a c t e r i z e d  by the  

thermal c o n d u c t i v i t i e s  of t he  m a t e r i a l s  of t h e  system, K, and by the tempera- 

t u r e  d i s t r i b u t i o n s  i n  these  m a t e r i a l s  which in t roduce  the v a r i a b l e s ,  L ,  and 

T.  For  8 s i n g l e  thermal conduc t iv i ty  va lue  t o  be s u f f i c i e n t ,  the  materials 

must be i s o t r o p i c .  I f  t h e  thermal c o n d u c t i v i t i e s  of the m a t e r i a l s  of t he  

system are themselves temperature dependent,  then t h e  dimensional q u a n t i t i e s  

which d e s c r i b e  t h i s  dependence e n t e r .  

1 
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C. HEAT "RANSPORT AT SOLID-TO-SOLID INTERFACES 

Heat t r a n s f e r  a t  s o l i d - t o - s o l i d  i n t e r f a c e s  when considered on 

a n i sxoscop ic  s c a l e  in t roduces  t h e  concept  of thermal  r e s i s t a n c e  o r  i t s  

r e c i p r o c a l ,  thermal c o n t a c t  conductance, C .  The thermal c o n t a c t  conductance 

is def ined  as t he  r a t i o  of the  heat  t r a n s f e r  ac ross  the  i n t e r f a c e  p e r  u n i t  

of t h e  s u p e r f i c i a l  con tac t  area and temperature  d i f f e r e n c e  a c r o s s  the  con- 

t a c t  gap. It  is w e l l  known t h a t  the  va lue  of t h e  thermal con tac t  conductance 

f o r  systems i n  vacuo depend on the s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  j o i n -  

ing  materials,  on t h e i r  s u r f a c e  f i n i s h ,  and on the  con tac t  p r e s s u r e s .  

Do HEAT GENERATED BY INTERNAL SOURCES 

I n  t y p i c a l  s p a c e c r a f t  components, sources  of i n t e r n a l  h e a t  ex is t  

due t o  the  1% l o s s e s  i n  the  e l e c t r i c  c i r c u i t r y .  

i n t e r n a l  sources  i t  is  convenient t o  in t roduce  a parameter ,  q , which is  

I n  r ecogn i t ion  of these  
* 

t he  i n t e r n a l  power generated pe r  u n i t  of  volume. The r e a l  s p a c e c r a f t  elec- 

t r o n i c  component may be made up of a non-homogeneous mixture  of m a t e r i a l s  

and a p r a c t i c a l  ques t ion  w i l l  always e x i s t  as t o  the  l i n e a r  scale on which 

model s i m i l a r i t y  is t o  be preserved.  

E ,  INTERNAL ENERGY CHANGES DURING TRANSIENTS 

Cons idera t ion  of t h e  requirements  f o r  thermal s i m i l i t u d e  i n  

non-s teady-s ta te  systems introduces the  thermal i n e r t i a  p r o p e r t i e s  of t he  

system and time,'t e The thermal i n e r t i a  of t he  system i s  simply 

I 
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characterized by the produce of density,p , and specific heat, C 

materials from which it is constituted. 

of the 
P’ 

F .  HEAT TRANSPORT via EMITTED RADIATION 

The total emissive power per unit of area of the surfaces mab- 

ing up the system is given by the product of the total hemispherical 

emittance of the surface, E, the Stefan-Boltzmann constant, # ,  and the 

fourth power of its absolute temperature. Therefore, consideration of 

emitted radiation introduces the new factors, E, and C . The total hemi- 

spherical emittance, E, is the m l y  factor over which we have experimental 

control. For any particular surface, E ,  varies with its temperature and 

a surface condition - degree of roughness, oxidation, contamination, etc. In 

addition, E ,  is a doubly-integrated quantity involving , the monochromatic 

emittance and E the directional emittance. The latter factors become im- 

portant only when we consider the intensity and spectral distribution of the 

radiant flux incident on the surface q .  

* 
e ’  

G. HEAT TRANSPORT via ABSORBED RADIATION 

The radiant heat absorbed at a surface per unit area is the pro- 

duct of its absorptance, d , and the incident flux, B. The absorptance de- 

pends on the factors affecting emittance (surface temperature, condition 

and directiqn) and, in addition, on the characteristics of the incident 

radiation mqasured by its distribution in the spectrum. For this reason, 
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i t  i s  u s e f u l  t o  s e p a r a t e  the  f l u x  inc iden t  on the  s u r f a c e  elements  of  the  

s p a c e c r a f t  system i n t o  components i d e n t i f i e d  by source .  

One c o n t r i b u t i o n  t o  the t o t a l  f l u x  i s  t h a t  which o r i g i n a t e s  

w i t h i n  the  system by v i r t u e  of the f a c t  t h a t  a l l  exposed s u r f a c e s  of the  

system are themselves emitters. The f l u x  from these  i n t e r n a l  sources  f a l -  

l i n g  a t  any s p e c i f i e d  su r face  i s  a p o r t i o n  of t h e  sum of the  r e f l e c t e d  and 

emi t t ed  r a d i a t i o n  i s s u i n g  from a l l  the  s u r f a c e s  t h a t  the  element i n  ques t ion  

can "see'*. This  p o r t i o n  depends on t h e  geometry of t he  system and on the  

angular  d i s t r i b u t i o n  of t h e  r ad ian t  anergy leaving  the  "viewed" s u r f a c e s .  

I f  t h e  i n t e n s i t y  of t h i s  leav ing  energy (both emi t ted  and r e f l e c t e d )  obeys 

a known l a w ,  such a s  Lambert 's  cosine l a w ,  then the  p o r t i o n  i n c i d e n t  can be 

p r e d i c t e d  on the  b a s i s  of geometry only.  The magnitude of t he  f l u x  i s s u i n g  

from t h e  "viewed" i n t e r n a l  sources  depends on the  emissive power of t h e s e  

s u r f a c e s  (hence, F.(T T 1 and the  r e f l e c t e d  power, The r e f l e c t e d  power, i n  

t u r n ,  depends on emissive power of a l l  s u r f a c e s ,  on the  geometry and on the  

absorp tance  of a l l  s u r f a c e s .  

depends on the  geometry and on the emissive power and absorptance of a l l  

s u r f a c e s ,  

4 

I n  summary, w e  reason  t h a t  t he  absorbed energy 

The o t h e r  con t r ibu t ions  t o  the  t o t a l  i n c i d e n t  f l u x  a r e  c h a r a c t e r -  

i zed  by sources  ly ing  o u t s i d e  the system; f o r  i n s t a n c e ,  s u n l i g h t ,  and re- 

f l e c t e d  o r  d i r e c t  r a d i a t i o n  from the  moon and p l a n e t s .  The in f luence  of 

Brthut b.XittIe.3nr. , '  - 



6 

each e x t e r n a l  source,nmrst be accounted f o r  by in t roducing  a d d i t i o n a l  v a r i -  

a b l e s .  dol, do2, #03, etc. ,  might be used t o  denote  the  i n t e n s i t y  of the  

r a d i a n t  energy from the  va r ious  e x t e r n a l  sou rces ,  and d o l , <  

e tc . ,  might be used t o  denote the  abso rp t ion  c h a r a c t e r i s t i c s  of the  s u r f a c e s  

02' b'03' 

of t h e  system t o  these  i n c i d e n t  r a d i a t i o n s .  Of course ,  an a d d i t i o n a l  re- 

quirement f o r  r igorous  thermal s i m i l i t u d e  i s  t h a t  t h e  d i r e c t i o n  of  t he  

r a d i a n t  f l u x  from e x t e r n a l  sources  i s  the  same i n  model and p ro to type .  

B. FORMATION OF DIWENSIONLESS GROUPS 

From the  previous d i scuss ion  one no te s  t h a t  t he  thermal  be- 

hav io r  of s p a c e c r a f t  is determined by a ve ry  ex tens ive  number of dimensional  

parameters ,  and t h i s  f a c t  may make thermal modeling f o r  t h e  gene ra l  case  i m -  

p r a c t i c a l  i f  no t  impossible .  However, the  a p p l i c a t i o n  of c e r t a i n  reason-  

a b l e  r e s t r a i n t s  can make the  problem of thermal modeling t r a c t a b l e .  

F i r s t ,  w e  r e s t r i c t  cons ide ra t ion  t o  model and pro to type  sys t ems  

f o r  which t h e  K ' s ,  p ' s ,  C ' 8 ,  oc ' 6  and E ' S  can be considered temperature  

independent ,  and, second, to  s o l i d  m a t e r i a l s  t h a t  can be cons idered  i s o t r o p i c  

conductors .  Th i rd ,  t o  e l i m i n a t e  the  in f luence  of t he  s p e c t r a l  and angular  

d i s t r i b u t i o n  on the  emi t ted  and absorbed r a d i a t i o n ,  we r e s t r i c t  cons idera-  

t i o n  t o  model and pro to type  systems which have the  same s u r f a c e  c h a r a c t e r i s t i c s .  

P 

art hur 0 .%it t le.% n c. 
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With t h e s e  restri  
a 

t i o n s  a s i n g l e  notatio.1 f o r  K, ,fly 4' , e t c . ,  is s u f f i c i e n t  

* 
f o r  t h e  development of t h e  thermal modeling f a c t o r s  . 

The formation of t h e  c o n t r o l l i n g  dimensionless  groups ( o f t e n  re-  

f e r r e d  t o  as the  fl groups) may be accomplished i n  a number of ways. Formal 

procedures  are desc r ibed  i n  the l i t e r a t u r e .  We p r e f e r  a method which p o i n t s  

up t h e  p h y s i c a l  s i g n i f i c a n c e  of the fits. Thermal s i m i l i t u d e  r e q u i r e s  t h a t  

t he  h e a t  t r a n s p o r t  and i n t e r n a l  energy changes be p r o p o r t i o n a l  i n  model and 

p ro to type .  To s t a t e  t h i s  cond i t ion  mathematical ly  w e  proceed as fo l lows .  

F i r s t ,  we expres s  the  h e a t  t r a n s f e r  and energy change e f f e c t s  i n  dimensional 

t e r m s  : 

E f f e c t  Dimensional ,Statement 

Heat F l u x  v i a  S o l i d  Conduction 

Heat F l u x  a t  S o l i d - t o - S o l i d  I n t e r f a c e  

2 - KT (watts/cn ) 
L 

I t  CT 

* 
I t  might be noted t h a t  t he  r e s t r i c t i o n s  l i s t e d  are no t  necessary  i n  o rde r  

t o  make t h e  thermal modeling of a l l  systems p r a c t i c a l .  Some of these  re- 

s t r i c t i o n s  may be removed f o r  c e r t a i n  r e l a t i v e l y  s imple thermal systems o r  

components of a t o t a l  system without naking thermal modeling i m p r a c t i c a l .  

2rthur D.Ut  tle, 3 nt. 
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a 

Dimensional Statement  

* 7 
Heat F lux  Due t o  I n t e r n a l  Sources q L  (watts/c:  

Heat F lux  Due t o  Changing I n t e r n a l  Energy P C  T L  

2- 
I 1  

4 I 1  Heat Flux v i a  Emitted Radia t ion  E 6 T  

Heat F l u x  v i a  Absorbed Radia t ion  ( I n t e r n a l  
Sources) I 1  

(T 'T 

Heat F lux  v i a  Absorbed Radia t ion  (External  
Sources) 

1 1  

@ (31 e t c .  01 01 02 02'  

NDW, t ak ing  r a t i o ' s  w i t h  r e s p e c t  to the  h e a t  f l u x  due t o  s o l i d  conduct ion,  

we ge t  

CL n a -  1 K 

* 2  
r[ ..QL 

2 KT 
2 

( 'C L 

K T  n -  3 

3 E T T  L 
K n =  4 

f i  6' n 7 '  e t c .  Q O l % l  KT 9 i '<02+"2 KT , e t c .  

A s  t h e  temperature ,  T ,  appears  in a number of the  a b o v e - l i s t e d  

K'S, and as temperature can be considered a dependent variable i n  t h e  

arthur D.Zittle.Bnc. ,' 



9 

experimental model studies, a more convenient set can be gained by rearrange- 

ment as foliows: 
CL 

1 K II = -  

q* L2 

q c  L 2  

KT x =  
2 

K t  l l =  3 

*3=7 
E G ~  

4 K4 
A =  

6 02@02 
* L  

01 QOl 
* L  A x etc. 

q 9 
6’  7 ’  

A useful set of scaling laws for model testing would specify 

that the temperature-time distributions in normalized space would be iden- 

tical in model and prototype. In addition, we have the restriction that 

the emittance and absorptance of corresponding surfaces in model and pro- 

totype are identical. In this instance, for thermal similitude 

cSLS 

Km KS 

C L  m m - -  

2 2 
r mCpmLm I PsCpsLs 

Km KS 
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*3 L7 *3 7 
s Ls q m  m 

4 
= 

!c 4 
K m s 

n = n ( i d e n t i c a l l y  s a t i s f i e d )  
5m 5s 

, e t c .  $029 ' *  a 0 1 9  , e t c .  - - 401 m 402 m 
' f  * i Lm qm Lm qs Ls 9s Ls 

o r  

LS 

Km KS 

L - m 3 s -  

= c  
S 

* * 
%I Lm = (Is Ls 

rs cpsLs C L =  p m  prn m 

I t  is  t h i s  l a s t  s e t  of s c a l i n g  laws which w e  have examined ex-  

per imenta l ly  i n  the  Phase I of the s u b j e c t  c o n t r a c t .  As t h e s e  experiments 

were made a t  s t eady  s t a t e ,  t he  thermal i n e r t i a  c h a r a c t e r i s t i c s  of t h e  models 

do n o t  e n t e r  t h e  problem. I n  a d d i t i o n ,  $ol, P o 2 ,  e t c . ,  were made n e g l i g i b l e  

i n  the  des ign  of  t h e  experimental  appa ra tus .  I n  summary, w e  would p r e d i c t  

t he  same temperature a t  corresponding p o i n t s  i f  

Brthur b .?lit tle.3 nr. 
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LS 

Km Ks 

L - m m -  

= C  
S 

* * 
qm Lm = 4s Ls 

Other possibilities certainly exist and deserve attention. For 

instance, suppose it is convenient to make the model and prototype of iden- 

tical materials, Suppose further, we place the additional restriction that 

the radiation characteristics of corresponding surfaces in model and pro- 

totype are identical, Then, in this case 

c L = CSLS r n m  

L 2  L2 
- m a -  

T m  7 s  
S 

7 1 3  * 7 / 3  - 9, =< 
* 
qm Lm 

L 1 / 3  113 
m m  = TB Ls 

n = f f  5m 5s 

The  above laws, of course, hold only when the properties of the model and 

prototype are independent of temperature. 

2rthur D.Uittle,Bnc. 
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11. THERMAL MODELS AND TEST E Q U I P ~ N T  
I 

A e INTRODUCTION 

During this Phase I tes t  program w e  designed an experiment to  

i n v e s t i g a t e  the v a l i d i t y  of the thermal modeling laws de r ived  I n  S e c t i o n  I. 

The o b j e c t i v e  was to  c .snstruct  and t e s t  thermal models, a t  s t e a d y - s t a t e  

c o n d i t i o n s ,  which wauld embody those h e a t  t r a n s f e r  mechanism p r e s e n t  i n  the  

l a t e r  Phasesof the s u b j e c t  program. I n  p a r t i c u l a r ,  it was de r ived  t o  i n -  

v e s t i g a t e  conductive and r a d i a t i v e  e f f e c t s  w i thou t  t he  added complexity of 

convect ive h e a t  t r a n s f e r .  

A "basic" thermal node1 and two scale models were designed and 

b u i l t .  One s c a l e  model was designed i n  accordance wi th  the se t  of modeling 

laws which p r e d i c t  e q u i v a l e n t  temperatures a t  i d e n t i c a l  geometr ical  loca-  

t i o n s  us ing  d i f f e r e n t  m c d e l  m a t e r i a l s .  The o t h e r  scale model was designed 

i n  accordance wi th  the  laws which p r e d i c t  s c a l e d  temperatures a t  e q u i -  

v a l e n t  geometric 13ca t ions  when the model and s c a l e  model are made of iden-  

t i c a l  materials 

I n  the fol lowing s e c t i o n s  w e  w i l l  d e s c r i b e  the experiments and 

r e s u l t s  obtained wi th  a scale model cons t ruc t ed  of a d i f f e r e n t  m a t e r i a l  

t han  the  "basic" thermal model. We had planned t o  complete the t e s t i n g  of 

a s c a l e  mode1 cons t ruc t ed  cf the  same m a t e r i a l  as the  "basic" model; how- 

e v e r ,  t h i s  e f f o r t  was regarded as s f  secondary importance s i n c e  the proposed 

ZLrthur D.Bittlr,Bnc. / .. ! 
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Phase IX program would involve t e s t i n g  of b a s i c  and scale models of d i f -  

f e r e n t  m a t e r i a l s  
I 

i n  our f u t u r e  work 

of re la t ive 

b a s i c  model 

B . THERMAL MODEL DESIGN 

The ob jec t iveo f  the Phase I experiments was t o  dev i se  and tes t  

a se t  of simple thermal models which would v e l i d a t e  t h e  thermal modeling 

theory and y e t  embody the h e a t  t r a n s p o r t  mechanisms which would be involved 

i n  Phase 11. I n  a d d i t i o n ,  i t  w a s  d e s i r e d  t o  test  models 

dimensions i n  a simple inexpensive vacuum chamber. The 

incorporated the fol lowing h e a t  t r a n s f e r  mechanisms: 

1) Heat t r anspor t  by s o l i d  conduction 

2) Heat t r anspor t  a t  s o l i d - t o - s o l i d  i n t e r f a c e s  

3) Heat generated by i n t e r n a l  sou rces  

4) Heat t r anspor t  v i a  emi t t ed  s u r f a c e  thermal 

r a d i a t i o n  

y smal 

des ign  

We thus  e l imina ted ,  in p a r t ,  t h e  e f f e c t s  of absorbed f l u x e s  from 

t h e  environment (by t e s t i n g  the  models i n  e vacuum chamber whose "black" 

w a l l s  were maintained a t  l i q u i d  n i t rogen  temperature) and the e f f e c t s  of 

i n t e r n a l  energy changes du r ing  t r a n s i e n t s  (by t e s t i n g  a t  s t e a d y - s t a t e  con- 

d t  t i ons )  " 

A ske tch  of the thermal model c o n f i g u r a t i o n  Is shown i n  F igu re  1. 

B a s i c a l l y ,  t he  model resembled a "fin",  heated a t  one end by the  d i s s i p a t i o n  

arthut D.Ztttle,Bnc. 
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a of e l e c t r i c a l  power. To s imula t e  a s o l i d - t o - s o l i d  i n t e r f a c i a l  thermal 

r e s i s t a n c e ,  a m a t e r i a l  of  low conduc t iv i ty  was bonded between two members 

having a higher  conduc t iv i ty  thereby imposing a l a r g e  temperature g r a d i e n t  

i n  the f i n .  This  would resemble t h e  pl iysical  s i t u a t i o n  where a h e a t -  

conducting path was d i s t u r b e d  by a j o i n t  o r  i n t e r f a c e  having a low thermal  

conductance. As shDwn i n  F igu re  1, the hec ter  was i n s u l a t e d ,  as  was the 

s imulated c o n t a c t  r e s i s t a n c e .  In  t h i s  manner the i n t e r n a l  power generated 

would be r a d i a t i v e l y  d i s s i p a t e d  from the s u r f a c e  between the h e a t e r  and the 

i n s u l a t e d  c o n t a c t  r e s i s t a n c e  and from the s u r f a c e  between the h e a t e r  and t h e  

i n s u l a t e d  c o n t a c t  r e s i s t a n c e  and -he end of t he  model. This  s i t u a t i o n  would 

thereby preclude the need f c r  measuring the  temperatures of t h e  h e a t e r  

e lements  themselves t o  account for  any power r e - r a d i a t e d  from t h e  h e a t e r  end. 

The exposed s u r f a c e s  of t h e  two models were coated w i t h  an " o p t i c a l  black" 

p a i n t  i n  ah at tempt  t o  maintain s i m i l a r  s u r f a c e  c h a r a c t e r i s t i c s  s i n c e  one 

of the  elements of t he  mojel ing l aws  would r e q u i r e  t h a t  the e m i t t a n c s o f  

the models be s i m i l a r .  Although we could have used o t h e r  s u r f a c e  coa t ings  

wi th  a lower emi t t ance ,  our experience wi th  t h i s  h igh  emit tance p a i n t  i n -  

d i c a t e s  t h a t  the  u n c e r t a i n t y  involved i n  assuming t h a t  t h e  emit tances  of 

both models were s i m i l a r  would be 4 . 0 1 .  - 
was i n s u l a t e d  t o  prevent  r a d i a t i v e  e f f e c t s  from a l t e r i n g  the e f f e c t i v e  con- 

ductance of  the element That i s ,  t he  s imulated con tac t  r e s i s t a n c e  members 

were sca l ed  t o  have s i m i l a r  conductances i n  both models and t o  accomplish 

t h i s  i t  is necessary t o  exclude heat t r a n s f e r  by r a d i a t i o n  a t  the s u r f a c e s .  

T h e  s imulated c o n t a c t  r e s i s t a n c e  



The basic model, herein referred to as Model #1, was con- 

structed of Amco iron, a relatively pure iron whose thermal conductivity 

is known accurately over a wide temperature range and is recognized as a 

thermal conductivity standard. 

ricated of rigid, polyvinvlchloride which has a relatively low thermal con- 

The simulated contact' resistance was fab- 

ductivity. In Section I it was shown that thermal modeling for identical 

temperature distributions in model and prototype would satisfy the following 

laws (provided that the total hemispherical emittance and the absorbed 

fluxes are similar) : 

L 2  - L 1  

K1 K2 
L -  

Since it was desired to reduce the dimensions of the scale model to make it 

approximately 112 scale, SAE 4130 - a chrome-moly steel having a conductivity 

of roughly 1/2 that of the Amco iron was used for Hodel 412. In particular, 

we calculated the appropriate dimensional ratios by arbitrarily using pub- 

liehed conductivity values at +10 C .  .The conductivity values are: 0 

SAE 4130 - K2 = 0.35 watts/cm°K Reference 1 

Armco - K1 L 0.741 watts/cm°K Reference 2 

It should be noted that the conductivity ratio of these two materials is 

sanewhat temperature dependent, so that some error i s  introduced when the 

temperature level of the models is varied, For these materials the 

Brthur B.%ttle.bnt. 
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conduc t iv i ty  r a t i o  v a r i e s  as follows: 
a 

Tempe r a t u  r e K2’K1 

-50 C 0.435 

o c  0.469 

+10 c 0.472 

50 C 0.489 

Th i s  v a r i a t i o n  of  + 5 percent  over a 100°C range w i l l  i n t roduce  e r r o r s  i n  

the  measured temperature g rad ien t s  from model t o  model, p a r t i c u l a r l y  when 

the  g r a d i e n t s  w i t h i n  a model a r e  l a r g e .  

Using t h e  conduct iv i ty  va lues  a t  +lO°C t he  scale of l i n e a r  d i -  

mensions i n  Model 92 was es t ab l i shed  i n  accordance w i t h  t h e  r e l a t i o n  

= 0 .472  0.35 
0 .741  

= -  L2 K2 
L1 K2 
- * -  

a 
Since  i t  was d e s i r e d  t o  main ta in  the same simulated c o n t a c t  conductance in 

Models #1 and N 2 ,  the  PVC dimensions were e s t a b l i s h e d  as fo l lows:  

s ince  k - k2 ( the  WC conduc t iv i ty )  1 

Q f o r  t h e  PVC 
Q 1  2 

The inpu t  power t o  the model hea te r  was sca l ed  as fo l lows:  

ZLrthur D.XittIe.dnc. 
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w h e r e  q - power input (wat ts)  

* 3 q - power input pe r  u n i t  volume (watts/cm ) 

In summary, w e  would p r e d i c t  equiva len t  temperatures  a t  i d e n t i c a l  geometr ic  

l o c a t i o n s  i n  Wodels #1 and U 2  when the  l i n e a r  dimensions are sca l ed  by a 

f a c t o r  of 0 . 4 7 2 ,  t he  lengths  of  the PVC i n s u l a t o r  a r e  e q u i v a l e n t ,  and the  

h e a t e r  i npu t  powers are sca l ed  by a f a c t o r  of 0 . 2 2 2 8 .  

The appropr i a t e  nominal i npu t  power t o  each model was e s t a b l i s h e d  

by cons ider ing  the  hea t  t r a n s p o r t  from s u r f a c e s  (having an emi t tance  of ap-  

proximately one) of t he  model t o  an LN temperature s i n k .  The inpu t  power 

range and the  model dimensions were e s t a b l i s h e d  from t h e  fo l lowing  c r i t e r i a .  

F i r s t ,  t he  model s i z e  and r e - r a d i a t i n g  area was d i c t a t e d  by the  s i z e  of the  

t es t  chamber and i t  was d e s i r e d  t o  main ta in  temperature  levels between +150 

and -150 C t o  prec lude  damage t o  the  s u r f a c e  coa t ings  o r  the  mechanical 

assembly. Second, i t  w a s  des i r ed  t o  have a simple h e a t  flow p a t t e r n  as 

c l o s e  t o  one-dimensional as poss ib l e ,  and y e t  have e i g n i f i c a n t  temperature 

g r a d i e n t s  w i th  the  model. Pre l iminary  hand c a l c u l a t i o n s  i n d i c a t e d  t h a t  a 

power inpu t  range from 3 t o  5 wat ts  would be r equ i r ed  f o r  Model 91. Based 

on t h e  above s c a l i n g  laws the  appropr ia te  range f o r  t he  4130 model would 

be 0.67 t o  1.1 wat t s .  With these inpu t  ranges 

2 

0 

BLr thur D.Uat tle, Dn t. 
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e a t a b l i s h e d  w e  chose the  dimensions shown i n  l i g u r e  1 f o r  t he  t w o  models. 

The l eng th  of the  PVC e e c t i o n  (Pa r t  B of F igure  2) was e r t r b l i s h e d  

by cons ide r ing  the h e a t  flow through the  model. 

a l eng th  which would produce a large g r a d i e n t ,  such t h a t  the  thermal re- 

r i s t a n c e  of  t he  PVC ecc t ion  i t r e l f  would be l a rge  by coatpariron t o  the  re- 

r i e t a n c s  of the two j o i n t e .  Temperrture g rad ien t8  i n  exce r r  of lW0C were 

a t t a i n e d  w i t h  a 3/4-inch long sec t ion  of PVC. 

It was d e s i r e d  t o  choorc 

C. MODEL FABRICATION 

1. Mate r i a l s  

The Armco i r o n  and SAE 4130 steel  used in the  models were checked 

f o r  chemical composition by chemical and spec t rographic  a n a l y r i r  to  in su re  

t h a t  the  "as received" material c l o s e l y  resembled the  nmterialr used i n  the  

thormal conduc t iv i ty  determinat ions publ i rhad in References 1 and 2 .  The 

composition d i f f e rence8  were extremely omall and we concluded t h a t  the  con- 

d u c t i v i t i e r  of the  m a t e r i a l #  were r s p r e s e n t r t i v o  of thore  measured. The 

r n a l y r e s  a r e  preaented in Appendix 1. 

The PVC por t ions  of the models were machined from the  raw r t o c k  

t o  minlmizcr the chance of us ing  m a t e r l a l r  w i th  d i f f e r e n t  c o n d u c t i v i t r r  for 

t h e  s imula ted  r e r i r t a n c e  member, 
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2 .  J o i n t s  

The PVC and metal s e c t i o n s  were bonded toge the r  w i t h  a con- 

duc t ive  epoxy’ ( s i lver -doped)  which w a s  app l i ed  accord ing  t o  the  manufactu- 

rers recommandations. The use of t h i s  conduct ive epoxy w a s  p r e d i c a t e d  on 

the  need f o r  a good thermal  bond which would n o t  i n t roduce  a s i g n i f i c a n t  

r e s i s t a n c e .  A t h i n  (0.005”) layer  was used f o r  bonding the  PVC to  both  t h e  

Armco and SAE 4130 p a r t s .  

During the  f i r s t  tes t  wi th  t h e  Armco i r o n  model t he  epoxy j o i n t  

s e p a r a t e d  ( i n  vacuum) when the  temperature of the  sample was allowed t o  

f a l l  t o  l i q u i d  n i t r o g e n  temperatures.  T h i s  w a s  appa ren t ly  due t o  a d i f -  

f e r ence  i n  expansion c o e f f i c i e n t s  of t he  materials forming the  j o i n t .  Sub- 

sequen t ly ,  w e  pinned t h e  j o i n t s  with a p r e s s  f i t  u s ing  t w o  0.020” d i a .  

s t a i n l e s s  p i n s  which were approximately 3/16-inch long.  

s t r u c t u r a l  r i g i d i t y  t o  the  assembly wi thou t  a f f e c t i n g  the  j o i n t  conductance.  

I n  all subsequent  t es t s  h e a t e r  power was cont inuous ly  supp l i ed  t o  p reven t  

t he  j o i n t  temperature  from reaching extremely l o w  temperatures  i n  t h e  t e s t  

chamber. 

These p i n s  added 

Concurrent w i t h  t h e  t e s t i n g  of the  thermal  models a sample 

L)Product  of  J .  Waldnian & S O ~ I S ,  Trenton,  New J e r s e y .  
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j o i n t  of  PVC and Arrnca i r o n  was subjec ted  t o  thermal shock tests ( i n  a i r )  

a t  d r y  ice-ace tone  temperatures  (approximately -80 C) and a t  l i q u i d  n i t r o g e n  

temperatures .  The j o i n t  sample was f i r s t  i n spec ted  w i t h  a microscope to 

determine whether o r  no t  t he re  were any c racks  o r  j o i n t  imperfec t ions .  No 

imperfec t ions  were noted.  The sample was then  r a p i d l y  plunged i n t o  the  d ry  

ice-ace tone  ba th ,  removed, allowed t o  warm-up t o  room temperature  and then 

r e - in spec ted .  No apparent  change i n  the  j o i n t  s u r f a c e  was noted  a t  a magn- 

i f i c a t i o n  of 40 X .  A similar tes t  was performed a t  l i q u i d  n i t r o g e n  tempera- 

t u r e s  and i t  was noted t h a t  the  sample j o i n t  p a r t e d  a f t e r  the  assembly was 

removed from t h e  LN and was warming up to  room temperature .  Microscopic 

i n v e s t i g a t i o n s  showed t h a t  the  s i l v e r  epoxy adhered t o  both  t h e  PVC and 

2 

A r m c o  i r o n  and appa ren t ly  the  f r a c t u r e  occurred  i n  the  epoxy i t s e l f .  

a 
During the  t e s t  prDgram, us ing  t h e  two thermal models w i t h  p i n -  

ned j o i n t s ,  w e  c a r e f u l l y  inspected t h e  s u r f a c e s  of t h e  j o i n t s  be fo re  and 

a f t e r  t e s t i n g  i n  vacuum. No apparent  c r acks  o r  vo ids  were observed even 

though t h e  j o i n t  temperatures  were sub jec t ed  t o  temperatures  as l o w  as 

-125OC. 

c o n t r o l l e d  and no thermal shocking could have occurred .  Apparent ly  a 

temperature  environment i n  the  v i c i n i t y  o f  -125OC w i l l  no t  damage t h e  

j o i n t  ( a t  low stress l eve l s )  whereas a l i q u i d  n i t r o g e n  temperature  envi ron-  

ment of -196OC may induce a f a i l u r e  i n  t h e  epoxy bond. 

I n  t h i s  c a s e ,  however, . t he  temperature  change from ambient was 

Zlrthur D.l.%ittIe.Bnc. 
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3. Heater  Elements 

The h e a t e r  e lements  were formed by winding r e s i s t a n c e  wire (#34 

chromel-A f o r  Hodel 81 and +36 Nichrome 5 f o r  Model f 2 )  around t h e  p e r i -  

phery of t he  model. A l a y e r  of 1 / 2  mi.1 Mylar was used to  i n s u l a t e  ( e l e c -  

t r i c a l l y )  t h e  h e a t e r  wires  from the model. A f t e r  winding t h e  r e s i s t a n c e  

w i r e ,  a c o a t  of i n s u l a t i n g  va rn i sh  w a s  a p p l i e d  t o  the  s u r f a c e s .  The ends 

of  t h e  r e s i s t a n c e  wires were brought o u t  of t he  m u l t i - f o i l  i n s u l a t i o n  as 

shown i n  F i g u r e  1 and so lde red  t o  the  h e a t e r  leads  a f t e r  t h e  i n s u l a t i o n  

i n s t a l l a t i o n .  A f t e r  wi rd ing  the  h e a t e r ,  t he  ohmic r e s i s t a n c e  of the  h e a t e r  

a l cne  was a c c u r a t e l y  measured w i t h  a Wheatstone b r idge .  

sample of t h e  h e a t e r  wire a t  arnbient, i ce ,  and LN temperatures  i n d i c a t e d  

t h a t  t he  r e s i s t a n c e  changed by less than  1 / 2  p e r c e n t .  Th i s  change was not  

cons idered  important  i n  determining t be  Lrw inpu t  power t o  the  h e a t e r  

e lements  

Tests w i t h  a 

2 

a 
I n  Model #1, t h e  hea te r  lead  wires were made from #32 manganin 

w i r e  w i t h  a v a r n i s h  i n s u l a t i o n .  This w i r e  m a t e r i a l  was chosen because i t  

has a low product  of  thermal conduc t iv i ty  and r e s i s t i v i t y  and t h e r e f o r e  

would tend t o  suppress  h e a t  leaks. Furthermore,  manganin has  a low tempera- 

t u r e  c o e f f i c i e n t  of r e s i s t i v i t y  and t h e  lead  wire  r e s i s t a n c e  would be un- 

a f f e c t e d  by t he  wire temperature .  

In Mrrdel # 2  tl-a f i r s t  tests were run  w i t h  manganin lead wires; 

however, i t  was e v e n t u a l l y  discovered t h a t  h e a t  leaks  along t h e  h e a t e r  

J 
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l ead  wires were causing t r o u b l e  i n  e s t a b l i s h i n g  a h e a t  balance.  Th i s  

s i t u a t i o n  was c r e a t e d  because o f  t h e  low levels of i n p u t  power (less than 

1 w a t t ) .  The f i n a l  Model It2 ccnf igu ra t ion  had 0.010-inch diameter  pure 

n i c k e l  l eads .  The l eads  were n o t  i n s u l a t e d  and were mechanical ly  po l i shed  

w i t h  jekelers '  rouge t o  decrease t h e  s u r f a c e  emi t t ance .  The use  of  pure 

n i c k e l  reduced the  I R losses i n  the l eads  t o  a small f r a c t i o n  of the  t o t a l  

i n p u t  power and the  r e d u c t i o n  i n  su r face  emi t t ance  minimized the  h e a t  l eaks  

from the  h e a t e r .  A more complete d e s c r i p t i o n  of t h e s e  problems and t h e i r  

s o l u t i o n  w i l l  be presented i n  Sec t ion  I I I o f  t h i s  r e p o r t .  

2 

4 e I n s u l a t i o n  

The i n s u l a t i o n  of t h e  h e a t e r  end of t he  model was accomplished 

by us ing  m u l t i p l e - l a y e r  i n s u l a t i o n s  i n  which a l t e r n a t e  l a y e r s  of the  i n s u l a -  

t i o n  have low emi t t ance  s u r f a c e  c h a r a c t e r i s t i c s .  These thermal s h i e l d s  

were s e p a r a t e d  by a low conductance g l a s s  paper t o  prevent  thermal  "shorts"  

from i n c r e a s i n g  the  apparent  c o n d u c t i v i t y ,  I n  vacuum systems,  t h i s  type of 

i n s u l a t i o n  has  a low apparent  conduc t iv i ty ;  however, extreme c a r e  must be 

t aken  i n  applying the  i n s u l a t i o n  i f  i t  i s  d e s i r e d  t o  a t t a i n  a low conductance 

w i t h  a minimum number of  lavers ,  I n  the  p r e s e n t  case i t  was d e s i r e d  t o  min- 

imize the  h e a t  l eaks  from the  hea te r  s e c t i o n  and the  PVC member wi th  a 

ainimum amount of i n s u l a t i o n .  
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Models #1 and # 2  were i n s u l a t e d  i n  a s l i g h t l y  d i f f e r e n t  manner; 

however, t h e  b a s i c  p r i n c i p l e  i s  shown i n  F igure  1. I n  node1 81, aluminum 

f o i l  and Dexter paper !a g l a s s  paper product) were used t o  wrap the  h e a t e r .  

P r i o r  t o  completing t h i s  i n s t a l l a t i o n  we rece ived  a q u a n t i t y  of 1 1 2  m i l  

Mylar which w e  had gold coated on both s i d e s .  (The gold was app l i ed  by 

vapor depos i t i on  i n  vacuo t o  a thickness  which rendered t h e  m a t e r i a l  

opaque). Th i s  material  was used  i n  p l ace  of t h e  aluminum f o i l  on subsequent 

i n s t a l l a t i o n s  s i n c e  the  u s e  of t h i s  material  reduces the  problems a s s o c i a t e d  

w i t h  thermal s h o r t  c i r c u i t s  a t  pene t r a t ions  and j o i n t s .  

The h e a t e r  i n  Model #1 was i n s u l a t e d  w i t h  f i v e  l a y e r s  of i n s u l a -  

t i o n .  Four l aye r s  of 4 m i l  th ick  Dexter paper a l t e r n a t e d  wi th  5 m i l  t h i c k  

b r i g h t  aluminum f o i l  l a y e r s  and a f i n a l  wrap of a l aye r  of Dexter paper and 

1 / 2  mil gold-p la ted  Mylar completed the i n s t a l l a t i o n .  Extreme ca re  w a s  

t aken  t o  fo ld  the  ends of the  Dexter paper  over  the  aluminum f o i l  l a y e r s  t o  

prevent  thermal "shorts" .  The f i n a l  wrap was secured w i t h  a small amount 

of Eastman-Kodak 910 adhes ive .  ' k h i t e  glove" techniques were used i n  

assembling the  i n s u l a t i c n  t o  prevent the  s u r f a c e s  from baing a f f e c t e d  by 

handl ing .  Model 112 was insu la t ed  wi th  a cont inuous wrap of gold-p la ted  

Mylar and Dexter paper wi th  a f i n a l  cap of gold-p la ted  Mylar over  t he  end 

of t he  h e a t e r .  During the  t e s t  program two a d d i t i o n a l  l a y e r s  of  i n s u l a t i o n  

were added t o  t h i s  model i n  an attempt t o  reduce the  h e a t  l eaks .  
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I n  both models t he  PVC s e c t i o n  was i n s u l a t e d  w i t h  an i n i t i a l  

wrap of Dexter paper followed by two cont inuous wraps of Dexter paper  and 

go ld -p la t ed  Mylar. 

Model #l was supported by a nylon monofilament f i s h  l i n e  (0.014- 

inch  dia.) which pene t r a t ed  the  supe r - in su la t ion  l a y e r s .  This  arrangement 

subsequent ly  caused some d i f f i c u l t y  i n  Model 62. In t h e  f i n a l  tests of  

Model # 2  w e  completely removed t h e  suppor t  and suspended the  appara tus  by 

t h e  thermokouple leads .  

5. Thermocouples 

S i x  thermocouples were a t t ached  t o  each model as shown i n  

F igu re  1. The thermocouple junc t ions  were loca ted  a long  the  c e n t e r  l i n e  

and approximately equa l ly  spaced along t h e  l eng ths  of p a r t s  A and C .  The 

l o c a t i o n s ,  as shown i n  F igure  1, were numbered TC 1 and TC 7 and w i l l  here-  

i n  be i d e n t i f i e d  by these  numbers. 

The thermal models which were t e s t e d  were r e l a t i v e l y  small, and 

t h e r e f o r e  only  smal l  amounts of power were r equ i r ed  t o  main ta in  t h e i r  

temperatures  near  the  d e s i r e d  leve l .  

in t roduced  a h e a t  flow p a t h  from t h e  model which became a s f g n i f i c o n t  

f r a c t i o n  of t h e  t o t a l  r e - r ad ia t ed  power. For example, t he  power inpu t  

level t o  Model 182 was i n  t h e  v i c i n i t y  of one wat t ,  and i t  was determined 

The i n s t a l l a t i o n  of s i x  thermocouples 
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t h a t  thermocouples a lone  could introduce a h e a t  l eak  of 100 m i l l i w a t t s  o r  

so i f  t he  l eads  a c t e d  as "lour(" f i n s .  

(which w i l l  be desc r ibed  i n  d e t a i l  i n  a fol lowing s e c t i o n )  and t h e  thermo- 

couple l ead  loca t ione  I s  shown in Figure  2 .  As shown, t h e  l e a d s  passed 

through a small diameter  neck i n  t h e  LN 

t o  a s i n k .  Seve ra l  methods f o r  e l i m i n a t i n g  t h i s  h e a t  l eak  problem were 

eva lua ted  during t h e  course of this program. They included:  

A s k e t c h  of t he  test chamber 

cooled vacuum chamber and r a d i a t e d  2 

a) The u s e  of extremely small  diameter  thermocouple 

wire wi th  a low emittance o r  i n s u l a t e d  s u r f a c e ;  

b) The use  of thermistor-sensing elements a t t a c h e d  

w i t h  small diameter low c o n d u c t i v i t y  l ead  wires; 

c) The use of a u x i l i a r y  h e a t e r s  for each s e n s o r  lead 

t o  e l i m i n a t e  temperature g r a d i e n t s  along t h e  l eads  ; 

d) Sca l ing  the instrumentat ion l eads  according t o  t h e  

thermal modeling laws. 

A f t e r  c a r e f u l  c o n s i d e r a t i o n  of the  s i m p l i c i t y  of each method, w e  chose the  

l a t te r  as the  one b e s t  s u i t e d  t o  our  tests. 

Rather than scale t h e  materials of t h e  wires and t h e  l e n g t h s ,  

we t r e a t e d  the thermocouple l eads  a8 h e a t  s i n k s  and s c a l e d  the  wire diameters  

such t h a t  t h e  h e a t  l eak  (at i d e n t i c a l  l oca t ions )  pe r  thermocouple i n  )lode1 82 

would be approximately 0.22 t h a t  in Wodel #l. Th i s ,  of cour se ,  is t h e  same 

scale r a t i o  as the  h e a t e r  power sca l e .  For Model # 2  w e  chose #40 AWG 
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(5 m i l )  i n s u l a t e d  w i r e  as being the s m a l l e s t  p r a c t i c a l  (and r e a d i l y  a v a i l -  

ab l e )  s i z e .  On the  b a s i s  of our  s c a l i n g  laws and an a n a l y s i s  of t he  h e a t  

l eak  through a t y p i c a l  wire,  w e  determined t h a t  a #36 AWG w i r e  of t h e  same 

m a t e r i a l  would produce t h e  approximate scale of power d i r e i p a t i o n  through 

t h e  l e a d s .  The a n a l y s i s  is presented in Appendix 11. It should be noted 

t h a t  w e  based o u r  a n a l y s i s  on copper-constantan thermocouples. This e f f e c t  

o f  h e a t  l eaks  could have been reduced by u s i n g  w i r e  materials of lower 

thermal c o n d u c t i v i t y  (chromel-alumel, i r o n  c o n s t a n t a n ) ;  however, for reasons 

d i scussed  i n  the fol lowing paragraph w e  choose copper-constantan f o r  t h e  

experiments.  

Copper-constantan thermocouple wire was s e l e c t e d  f o r  t h i s  a p p l i c a -  

t i o n  s i n c e  t h i s  caab ina t ion  is e a s i l y  assembled, has a f avorab le  m i l l i v o l t  

v s .  temperature c h a r a c t e r i s t i c  i n  the temperature range of i n t e r e s t ,  and, i n  

g e n e r a l ,  t h i s  combination is r e l a t i v e l y  f r e e  from c a l i b r a t i o n  c o r r e c t i o n s .  

Each thermocouple w a s  r e f e renced  to 0 C us ing  c o n s t a n t  level i ce -wa te r  b a t h  

i n  a thermos b o t t l e .  The co ld  junc t ions  were i n s e r t e d  i n  o i l - f i l l e d  g l a s s  

tubes which were maintained a t  O°C by suspending the assembly of s i x  tubes 

approximately 4 - 6" below the  surface of t he  ice-water ba th .  

system was used t o  maintain a constant  b a t h  l e v e l .  Before a t t a c h i n g  t h e  

thermocouples t o  the models, they were i n d i v i d u a l l y  c a l i b r a t e d  a t  0 C and 

100 C Using an ice-water and a steam ba th .  

ob ta ined  a t  d ry  ice-acetone and tap-water temperatures  and compared w i t h  

0 

A siphon 

0 

0 The m i l l i v o l t  output8 were a l s o  

2rthur D.XittIo,Dnc. 
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r ead ings  from an e tched  stem prec i s ion  g l a s s  thermometer. In a l l  cases 

t h e  thermocouple readings  were wi th in  1/2OC of t he  publ i shed  (L & N) m i l l i -  

v o l t  ou tpu t  vs .  temperature d a t a  for  copper-constantan.  

The thermocouples were s o f t  so lde red  ($35 Cera-Seal) i n t o  1116- 

inch  d iameter  w e l l s  d r i l l e d  i n t o  t h e  thermal models. The l e a d s  were then 

cemented t o  the  model wi th  Pliobond cement and then taped to  the  model w i th  

a small s t r i p  of "Scotch" tape t o  prevent  t he  leads  from s e p a r a t i n g  and pro-  

ducing erroneous temperature  readings.  The thermocouples i n  Xodel #1 were 

i n i t i a l l y  i n s t a l l e d  i n  t h e  wells with "Apaes" copper cement and the l eads  

glued w i t h  Eastman 910 adhesive.  During t h e  f i r s t  test i n  vacuum,several  

thermocouple. separa ted  when t h e  model waa temperature cycled.  Subsequent 

t e s t i n g  was completed w i t h  the  thermocouples so ldered  i n  p l ace  as descr ibed  

above. 

a 
Before i n s t a l l i n g  the  thermal models i n  the  test chamber, t he  

thermocouples were read ou t  w i t h  t h e  model a t  a uniform temperature  (at 

ambient a i r  temperatures)  t o  check f o r  un i formi ty .  The r e s u l t s  i nd ica t ed  

t h a t  a l l  thermocouples were reading w i t h i n  1/4 C of each o t h e r .  0 

6. Surface  Coating 

As prev ious ly  d iscussed ,  i t  is necessary  t h a t  the  "basic" and 

s c a l e d  models have i d e n t i c a l  sur face  emi t tances  when i n t e r n a l  power i s  

2rthur D.?Cittle,3nc. ' 
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d i s s i p a t e d  by r ad -a t ion .  Previous exper ience  in our  l abora to ry  indicatec 

t h a t  "3M" brand Velvet  Black Opt ica l  Coating' i s  r e l a t i v e l y  simple t o  apply ,  

w i l l  adhere t o  most metals a t  low temperatures  i n  vacuo and has  a repro-  

d u c i b l e  t o t a l  hemispherical  emit tance c l o s e  t o  u n i t y .  Emit tances  of 0.97 

between LN and ambient temperatures were measured i n  our  l abora to ry .  No 

apparent  temperature  dependence was noted.  (This work was n o t  performed 

under the  s u b j e c t  c o n t r a c t ) .  

2 

The su r faces  of P a r t s  A and C of both models were coated with 

t h i s  p a i n t .  The meta l  su r f aces  were cleaned f i r s t  w i th  ace tone ,  dipped i n t o  

the  p a i n t  and allowed t o  d r i p  dry.  Af t e r  p a i n t i n g  care was taken no t  t o  

handle  these  pa in ted  s u r f a c e s .  Note t h a t  t h e  model measurements l i s t e d  i n  

F igu re  1 apply  t o  the  measured dimensions before  p a i n t i n g .  A f t e r  p a i n t i n g ,  

a d d i t i o n a l  measurements were made t o  determine the  p a i n t  t h i ckness .  Ap- 

proximately 0.0038-inch of  p a i n t  was depos i ted  on t h e  su r faces .  

The i n t e r i o r  of the v~cuum vessel shown i n  F igu re  2 was a l s o  

coa ted  wi th  t h i s  same p a i n t  t o  reduce i n t e r n a l  r e f l e c t i o n s .  

D. TEST EQUIPMENT 

A schematic diagram of the  tes t  chamber is shown in Figure  2 .  

"llanufac tured  by Minnesota Mining 6 Manufacturing Co. 
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The tes t  chamber was a thin-wal led s t a i n l e s s  s teel  vacuum v e s s e l  having a 

10 112-inch diameter  s p h e r i c a l  t e s t  s e c t i o n .  A vacuum f l ange ,  s ea l ed  wi th  an  

O-ring was mounted on the w a r m  end of the  neck of the  vacuum v e s s e l .  The 

neck w a s  a 2 112-inch diameter  tube approximately 1 2  inches  long. 

lower p o r t i o n  of the  neck and t h e  s p h e r i c a l  test s e c t i o n  were submerged i n  

l i q u i d  n i t rogen  contained i n  a 21-inch diameter  LN vacuum-jacketed dewar. 

By suspending the  models i n  the  approximate p o s i t i o n s  shown i n  F igure  2,  

the'lblack" s u r f a c e s  of t he  models had a poor "view" of t he  warm end of the  

neck and the  f lange .  The i n t e r i o r  of the  tes t  chamber and the  neck were 

coated w i t h  "3M" O p t i c a l  black pa in t  t o  minimize r e f l e c t i o n s .  

The 

2 

The vacuum system cons is ted  of a d i f f u s i o n  pump and LN co ld  2 

t r a p  wi th  a 15 CPM mechanical forepump. Seve ra l  thermocouple gages and an 

i o n i z a t i o n  gage were used t o  read the chamber p re s su re  du r ing  tes t .  We ex- 

per ienced  no d i f f i c u l t y  wi th  t h i s  vacuum system and a f t e r  ou tgass ing  the  

model, (by h e a t i n g ) , t h e  pressures  i n  the  tes t  s e c t i o n  could be held a t  p r e s -  

sures down t o  10 torr. . I n  a l l  of the tes t  runs  t h e  p re s su re  was below 

t o r r .  Two hermetic  g lass - to-meta l  seals were so lde red  i n  the  f l ange  

-6  

t o  provide  f o r  thermocouple and hea ter  lead throughs.  

The thermocouples were re ferenced  t o  O°C and the  m i l l i v o l t  o u t -  

pu t  read  wi th  a Minneapolis-Honeywell p r e c i s i o n  poten t iometer .  The thermo- 

couples  were each read and recorded a t  112-hour i n t e r v a l 8  u n t i l  the  system 

2rthur D.BittIe,Bnr. 
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reached s t e a d y - s t a t e .  A copper-constantan s e l e c t o r  switch was used t o  con- 

v e n i e n t l y  read each loca t ion .  The poten t iometer  could be read t o  w i t h i n  5 

microvol t s  which corresponds t o  approximate 0.1 C a t  the  temperature  l e v e l s  

of  i n t e r e s t .  A 16-channel recording poten t iometer  was ured t o  observe the  

cooldovn per iod  and t o  determine i f  t h e r e  were any temperature f l u c t u a t i o n s  

i n  the  model temperatures.  I n  a l l  tests t h e  temperatures  were invariant 

once the  model reached a s t eady- s t a t e  condi t ion .  

0 

The power inpu t  t o  the  h e a t e r  was suppl ied  by a 0-50 VDC r cgu la -  

ted  power supply (a.1 percent  r egu la t ion ) .  The vo l t age  drop  and the  c u r r e n t  

flow t o  the  h e a t e r  were measured by a Weston p r a c i s i o n  v o l t m t e r  and m l l l l -  

ammeter which were c a l i b r a t e d  aga ins t  l abo ra to ry  s tandard# .  The power 

d i s s i p a t e d  i n  the  h e a t e r  was ca l cu la t ed  from measurements of t he  c u r r e n t  

f low and the  a c t u a l  r e s i s t a n c e  of the h e a t e r .  Th i s  method was s e l e c t e d  

s i n c e  measurements of t he  vo l t age  drop a t  t he  h e a t e r  i t s e l f  would r e q u i r e  

a d d i t i o n a l  lead6 and would introduce another  source  for  heat flow. 

a 

2rthur D.Ptttle.Dnc. 
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I n  the fo l lowing  sec t ion  w e  w i l l  p r e s e n t  t h e  r e s u l t s  of t h e  

thermal  tes ts  which were undertaken i n  the  tes t  appara tus  shown i n  

F i g u r e  2 .  The f i r s t  tests were performed wi th  the  "basic"  model f a b r i c a t e d  

of Amco i r o n .  The dimensions and conf igu ra t ion  a r e  shown i n  F igu re  I. 

We d i scussed  p rev ious ly  t h a t  t h e  f i r s t  run wi th  t h i s  model was unsuccessfu l  

due t o  the  f a c t  t h a t  the  epoxy j o i n t  s epa ra t ed  dur ing  t e s t i n g  when the  model 

temperature  was allowed to  f a l l  t o  l i q u i d  n i t rogen  temperatures .  Th i s  oc- 

cur red  du r ing  a shutdown of the  hea ter .  The model was subsequent ly  r epa i r ed  

and the  j o i n t  pinned (see  Sec t ion  I1 f o r  d e t a i l s ) .  The test r e s u l t s  f o r  

t h i s  Armco i r o n  model conf igura t ion  a r e  presented  i n  Table  1. The tests 

were run a t  four  input  power l e v e l s ,  and a t  each power l e v e l  the  model was 

allowed t o  reach thermal equi l ibr ium.  The measured temperatures  r e p r e s e n t  

t h i s  s t e a d y - s t a t e  cond i t ion .  The temperature s u b s c r i p t s  are re ferenced  t o  

the  thermocouple loca t ions  shown i n  F igure  1. 

I n  Table I the  h e a t e r  i npu t  power w a s  computed by s u b t r a c t i n g  

2 t he  I R l o s ses  i n  the  h e a t e r  leads from t h e  measured t o t a l  i npu t  power; 

t h e  c o r r e c t i o n  being approximately 5 percen t  of t he  t o t a l  i npu t  power. I n  

t h e  t r u e  phys ica l  s i t u a t i o n  the  hea ter  leads  themselves ac t  as p o t e n t i a l  

h e a t  sources  o r  s i n k s ,  and can inf luence  the  t r u e  inpu t  power t o  the  model. 

Although the  te rmina l  temperatures of the  leads  were a t  approxiarately the  

same temperature ,  the  hea t  flow i n  the  lead  wi re s  i s  dominated by the  i n -  

t e r n a l  power d i e s i p a t i o n  and the  r a d i a t i o n  in te rchange  between t h e  l eads  
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TABLE I 

THERMAL WDEL'INC TEST DATA - RUN #2 

Thermal node1 #1 - Armco Iron, k - 0.741 watt/cmolC a t  10°C w i t h  PVC insu la tor  
Hanganin heater  lead res i s tance  18.92 ohms 
Copper-constantan thermocouples - r ference junct ion 0 0 C 
Sample container praosure 6 1 x 10 -3 t o r r  
Sample cont8iner Wall: temperature 77OK 
0.014" nyloh monofilament support thread 

Date - 
9-4-62 

11 

* t  

I 9  

11 

11 

9-1-62 
11 

11 

I 1  

11 

11 

8-31 -62 
I 1  

t t  

I1 

I1 

I 1  

8-31-62 
I t  

I 1  

I 1  

I 1  

I t  

I 

Voltage 
J ( v 0 l t s ~  

44.0 

35.9 

41.9 

44.8 

Input 
Current Power 
(m. amps) Jwa t ts) 

115 5.060 

93.9 

109 

116.5 

3.371 

4.567 

9.219 

Heater 
Power 
(watts) 

4.810 

3.204 

4.342 

4.962 

(#34 A M )  

Temperature 
( C) 0 

-115.6 
-114.9 
-113.7 

70.5 
74.8 
86.3 

-124.2 
-123.4 
-122.9 

35.9 
36.6 
46.9 

-116.1 
-115.1 
-114.0 

61.3 
64.3 
75.9 

-113.2 
-112.5 
-111.2 

72.5 
76.5 
88.9 
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and the neck of the t es t  chamber. To determine the va lue  of the temperature 

g r a d i e n t  (and t h e r e f o r e  the  h e a t  flow) a t  the h e a t e r  end of t he  leads i t  

would be necessary t o  s o l v e  a complex hea t  flow problem, sin:= the lead w i r e  

"views" a non-uniform temperature environment i n  the  neck of the t e s t  cham- 

b e r .  Furthermore,  t he  temperature of lead w i r e  a t  t he  h e a t e r  end i s  un- 

known, and a thermocouple measurement would in t roduce  another  p o t e n t i a l  

h e a t  leak. We recognized t h i s  d i f f i c u l t y  i n  c o r r e c t l y  e s t i m a t i n g  the t r u e  

i n p u t  power and contemplated using an a d d i t i o n a l  h e a t e r  t o  ma in ta in  the lead 

a t  a uniform temperature .  Th i s  approach was n o t  used because of the added 

complexity involved.  

s i p a t e d  from the model u s ing  the measured temperature d i s t r i b u t i o n s  and 

found t h a t  the hea t  balance agreed w i t h  the c a l c u l a t e d  h e a t e r  i n p u t  power 

w i t h i n  a few pe rcen t .  

measurement of + 1 p e r c e n t  w i l l  introduce an u n c e r t a i n t y  of +0.7SoC i n  t he  

mean temperature of t he  model between the h e a t e r  and the W C  s e c t i o n .  A 

comparison of the r e - r a d i a t e d  power and the c a l c u l a t e d  inpu t  power f o r  t h i s  

model and Model U2 w i l l  be presented i n  a fol lowing d i s c u s s i o n .  

I n  view of these problems w e  c a l c u l a t e d  the  power d i s -  

For Model $1 an u n c e r t a i n t y  i n  the inpu t  power 

The measured temperatures f o r  Model 91 a r e  p l o t t e d  i n  Figure 3 

as a f u n c t i o n  of t he  model length measured from the  h e a t e r  end. The 

g r a d i e n t s  i n  the Armco i r o n  a t  the h e a t e r  end v a r y  from 11 t o  16 C whereas 

the  g r a d i e n t s  i n  the Armco i r o n  member ( P a r t  C) a t  the  extreme end are 

on ly  several degrees.  The g rad ien t  a c r o s s  the PVC i n s u l a t o r  was of the 

o r d e r  of 160 t o  180 C .  

0 



3 h 

i ' .  - 1  
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The tes t  data f o r  node1 # 2  are presented  i n  Tables  XI, 

through V. In Table I1 the  d a t a  were obta ined  w i t h  manganin h e a t e r  leads  

similar t o  those  used f o r  mdei 61. The t abu la t ed  va iues  of t h e  h e a t e r  

power were c a l c u l a t e d  from the  cu r ren t  flow and the  r e s i s t a n c e  of the  

h e a t e r  winding i t s e l f .  

were obta ined  by mul t ip ly ing  the  hea te r  i npu t  power by the  scale f a c t o r  of 

4.488. This  scale f a c t o r  is based on t he  thermal modeling laws and is de- 

The tabula ted  va lues  of the  "acaled" power inpu t  

r i v e d  i n  Sec t ion  11. Thus, the  temperature d i s t r i b u t i o n s  in Models #l and 

82 shguld be i d e n t i c a l  when the  hea te r  input  power i n  Model $1 is e q u i -  

v a l e n t  t o  t he  "scaled" h e a t e r  input  power i n  Model 12. 

Comparing Tables  I and I1 i t  can be seen  t h a t  t h e  temperatures  

of  Mode1 #2 between the  h e a t e r  and PVC i n s u l a t o r  were cons iderably  less 

than  measured temperatures  of Model 41 a t  s ca l ed  inpu t  powers. For 

example, a t  a s c a l e d  inpu t  power of 3.23 watts the  temperatures  were low 

( i n  this region)  by 5 - 10°C. 

were approximately 5 t o  6OC higher  than Mode1 #1,  i n d i c a t i n g  t h a t  more 

h e a t  was flowing through the  PVC i n s u l a t o r ,  It should be noted t h a t  small 

d i f f e r e n c e s  i n  the  amount of hea t  f lawin8 in t he  i n s u l a t o r  cause l a r g e  d i f -  

f e r e n c e ~  in t h e  mean temperature  of P a r t  C .  A t  t h i s  i n p u t  power l e v e l ,  f o r  

example, the  s e n s i t i v i t y  of the  mean temperature  a t  t h e  h e a t e r  end I s  

0.12 O C / a i l l i w a t t  whereas t h e  s e n s i t i v i t y  of the  mean temperature  of  t he  

extreme end of the  model is 0.63 O C / m i l l i w a t t .  

The temperatures  a t  l o c a t i o n s  1, 2 and 3 

Th i s  mean8 t h a t  an  u n c e r t a i n t y  
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TABLE I1 

THERMAL MODELING TEST DATA - RUN #3 

I 

Thermal Model #2 - SAE 4130 (k = 0.35 watt/cm°K a t  10°C) with PVC insu la tor  
Hanganin heater  lead (132 wire) 
Copper-constantan thermocouples - rgference junct ion O°C (#a AWG) 
Sample container pressure - 1 x 10- 
Sample container wall  temperature 77 K 
0.014" nylon nyof i lament  support thread 

L t o r r  
0 

Date - 
9- 10 -62 

II 

II 

(I 

11 

II 

9-8-62 
I1 

II 

II 

II 

II 

9-10-62 
11 

II 

I 1  

II 

II 

Scaled 
Heater Heater 

Voltage . Current Power Power 
(vo 1 ta) jm. amps) (watts) (watts) 

14.4 

13.6 

12.3 

76.0 0.9871 4.43 T1 

T2  
T3 
T5 

T7 
T6 

71.0 0.872 

65 .O 0.721 

3.91 T1 

T2 
T3 
T5 

T7  
T6 

3.23 T1 

T 2  
T3 
T5 

T 7  
T6 

Tempe ra tu re  
( C) 
0 

-112 
-112 
-110 
+ 55 
+ 57 
+ 63 

-113 
-113 
-111 
+ 47 
+ 49 
+ 54 
-118 
-117 
-115 
+ 29 
+ 31 
+ 35 
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Thermal Model 02 - SAE 4130 with PVC insu la tor  

Note: A l l  conditions as Run #3 except manganin leads replaced with polished 
nickel  leads (0.010" dia.)  

- 

S ca led 
Heater Heater 

- Date (volts)  (m. amps) ( w a t t s )  (watts) 
Voltage Current Power Power 

9-15-62 11.0 66 0.720 3.23 

9-15-62 11 .o 66 0.720 3.23 

Temperature 
( C) 
0 

-121  T1 

-120 

-118 

+ 34 

T2 

T3 

T5 

+ 36 T6 

T7 + 4 0  



Thermal Model #2 SAE 4130 wi th  PVC i n s u l a t o r  

- Note: A l l  cond i t ions  s i m i l a r  to Run 15 except  0.014" nylon suppor t  th read  
rep laced  w i t h  0.0075" nylon. 
t i o n  added t o  h e a t e r  a r ea .  Removed TC 2 and r e l o c a t e d  between TC 7 
and TC 6. 

One a d d i t i o n a l  wrap of s u p e r  i n s u l a -  

Sca led  
Heater Heater 

- Date ( v o l t s )  (amps) (wat ts)  (watts) 
Voltage Curren t  Power Power 

T1 

T3 

10 - 25-62 11.0 66 0.720 3.23 

T5 

T6 

10 - 25-62 11.0 66 0.720 

T2 

T7 3.23 

Temperature 
( C) 
0 

-117 

-115 

+ 33 
+ 35 
+ 37 

+ 40 
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TABLE V 

Thermal Model 42 - SAE 4130 w i t h  PVC i n s u l a t o r  

Removed nylon suppor t .  Thread and suspended model by thermocouples. Added 
a d d i t i o n a l  wrap of "super" i n s u l a t i o n  a t  hea t e r  end. 

Scaled 
Heater Heater 

Date Lvo l t s )  Jm. amps) ( w a t t e l  (wat ts)  
Voltage C u r r e n t  Power Power - 

9-26-62 12.95 77 .980 

9-27-62 11.05 66 
a 

9-27-62 13.6 81  

,720 

1.085 

4.398 TI 

3.232 T1 

*3 
T5 

T 2  
T7 

T3 
T5 

T 2  
T7 

T6 

4.870 T1 

T6 

Temperature 
( C) 0 

-110.5 

-108.7 
62.1 
64.8 
67.0 
72.6 

-117.3 
-115.9 

37 .O 
38.8 
40.3 
43.9 

-109.3 
-107.6 

71.4 
74.3 
76.5 
81.8 
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of 10 m i l l i w a t t s  i n  the h e a t  flowing through t h e  PVC i n s u l a t o r  i s  r e f l e c t e d  

i n  a 6OC change i n  T We s t a t e  t h i s  example t o  show the  d i f f i c u l t i e s  
2 -  

-.La wllIL.L, -1. --- 5 . L C V Y . . - - L I  a r r m . . n t l r m  i:: t h e r m 1  +_eating when the temperature l e v e l s  are 

low and t h e  d i s s i p a t e d  f l u x  is  s m a l l .  

A hea t  balance f o r  t h i s  run i n d i c a t e d  t h a t  t he  r e - r a d i a t e d  

power was cons ide rab ly  less than the measured h e a t e r  i n p u t .  We f e l t  t h a t  t h e  

h e a t  l e a k  along the  h e a t e r  leads was a p o t e n t i a l  source of t r o u b l e  and re- 

p l aced  the manganin leads wi th  pure n i c k e l  un - insu la t ed  l eads .  Although 

n i c k e l  ha6 a higher  thermal conduc t iv i ty  than manganin w e  were a b l e  t o  

h i g h l y  p o l i s h  the s u r f a c e  of the n i cke l  l eads  and thereby reduce the s u r f a c e  

emi t t ance .  A low emit tance would tend t o  reduce the  h e a t  l eak  from the 

wire. 

The d a t a  f o r  t h i s  conf igu ra t ion  are p resen ted  i n  Table 111. It 

should be n o t e d , b w e v e r ,  t h a t  t he  model was not  i n  complete equ i l ib r ium.  

The d a t a  were obtained when T T and T were i n c r e a s i n g  i n  temperature,  1' 2 3 

and t h e s e  t abu la t ed  v a l u e s  a r e  low. The remaining temperatures were i n  

e q u i l i b r i u m ,  ( the  t i m e  cons t an t  for  t h i s  end being much smaller than the 

extreme end where the  mean temperature l e v e l  is lower).  The va lues  i n -  

d i c a t e  t h a t  t he  mean temperaturesat the h e a t e r  end were i nc reased  by ap- 

proximately 5OC; however, they were below those measured f o r  Model #1. 
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Another t e s t  run was made w i t h  a sma l l e r  diameter  suppor t  

cord (0.0075" d i a . )  and an a d d i t i o n a l  wrap of i n s u l a t i o n  on the  h e a t e r .  As 

shown i n  Table  IV the  mean temperatures d i d  n o t  appear t o  be a f f e c t e d  by 

t h i s  change. I n  t h i s  run TC 2 was r e l o c a t e d  between TC 7 and TC 6 t o  ob- 

t a i n  a b e t t e r  p i c t u r e  of t h e  g rad ien t s  a t  t he  h e a t e r  end.  

Although w e  d i d  not  note any apparent  change i n  the  temperatures  

i n  Run Y 8 ,  we s t i l l  suspected t h a t  t h i s  suppor t  p e n e t r a t i o n  i n  t h e  i n s u l a -  

t i o n  was a source of hea t  leakage. In Run 88 the  mean temperatures  of t he  

h e a t e r  end of the  model were low by some 5OC, and a h e a t  leak  of some 40 

m i l l i w a t t s  would r ep resen t  t h i s  d i f f e rence .  

The next  test w i t h  Model 62 was made w i t h  the  nylon suppor t  

completely removed, and an a d d i t i o n a l  wrap of i n s u l a t i o n  on the  h e a t e r .  The 

d a t e  f o r  t h i s  run  are presented  i n  Table IV and p l o t t e d  i n  F igure  4. Com- 

p a r i n g  Tables  111 and IV i t  can be seen t h a t  the  h e a t e r  end temperatures  

increaded by approximately 3OC due t o  the  removal of  the  pene t r a t ion .  

a 

A comparison of the temperature d a t a  for Models #l and 112 is 

presen ted  i n  F igure  5. I n  t h i s  p lo t  the  dimensions of Model 02 were sca l ed  

by t h e  conduc t iv i ty  r a t i o  of t he  Armco i r o n  and SAE 4130. S i m i l a r l y ,  t h e  

i n p u t  powers were sca l ed  f o r  comparative purposas.  Data are presented  

f o r  two input  power l e v e l s  w h e r e  the  mean temperature w a s  increased  by 
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0 approximately 30 C .  

s c a l e d  t o  w i t h i n  3OC a t  t he  lower power l e v e l  and w i t h i n  3.3OC a t  t h e  

A s  shown i n  Figure 5 ,  t h e  h e a t e r  end temperatures  

of  Model #l becomes s i g n i f i c a n t l y  g r e a t e r  than t h a t  measured f o r  Model # 2  

as the  mean temperature l e v e l  i s  increased.  We b e l i e v e  t h a t  p a r t  of t h i s  

d i screpancy  can be t r aced  t o  the  f a c t  t h a t  the  conduc t iv i ty  of t he  Armco 

i r o n  dec reases  wi th  inc reas ing  temperature more than the  SAE 4130. Th i s  

would,of course ,  change the  appropr ia te  s c a l i n g  f a c t o r s  f o r  t he  two models. 

Our s c a l i n g  r a t i o  was c a l c u l a t e d  fo r  a mean tesnperature of +lO°C which i s  

lower than e i t h e r  of the  p l o t t e d  curves.  

i n  F igu re  6 where T7 and T 

input  power. 

Th i s  e f f e c t  i s  shown more c l e a r l y  

a r e  p l o t t e d  f o r  both models a s  a f u n c t i o n  of 
6 

The s c a l e d  temperatures a t  t he  extreme end of the  b d e l  i n d i c a t e  

a d i f f e r e n c e  of between 5 and 7OC (an e r r o r  of some 4 percent  I n  a b s o l u t e  

temperature) .  I n  t h i s  case  w e  would a t t r i b u t e  some of the  d iscrepancy  t o  

the  s imula t ions  of a j o i n t  conductance, s i n c e  these  temperatures  are ex- 

t r e m e l y  s e n s i t i v e  t o  t he  hea t  flowing i n  the  PVC member. 

I n  Table  V I  w e  have compared the  temperature d i s t r i b u t i o n s  I n  

the  two models w i t h  an  IBM 7090 computer s o l u t i o n .  (The computer program 

vas developed a t  Arthur  D.  L i t t l e ,  Inc . ,  t o  so lve  for t he  t r a n s i e n t  tempera- 

t u r e  d i s t r i b u t i o n s  i n  s p a c e c r a f t  and was a v a i l a b l e  for t h i s  s o l u t i o n ) .  I n  

t h i s  a n a l y t i c a l  s o l u t i o n ,  w e  es t imated the  conductance of t he  PVC member 
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TABLE V I  

COM'ARISON OF MACHUE CALCULATIONS AHD MEASURED TEHPERATURES 

(ALI temperatures in OK) 

TC 1 

TC 2 

TC 3 a TC 5 

TC 6 

TC 7 

Power input to heater 4.0 watts 

Machine Calcu la t ions  Model 41  

158.5 154 

159.3 155 

160.7 156 

320 .O 327 

334.9  340 

Model 42 

160 

162 

327 

336 

,I . - 

Brthur ?ll.'?littIe,bnc. -,a 
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based on a publ ished thermal conduct iv i ty  va lue  of 0.003 w a t t / c m ° K .  S ince  

w e  d i d  no t  measure the thermal conduct iv i ty ,  and the  "k" f o r  p l a s t i c  

materials can vary  from l o t  t o  l o t  by a f a c t o r  o f  2 o r  mort ,  w e  regard  

these  c a l c u l a t i o n s  as merely i n d i c a t i v e  of the  temperature  ranges.  I n  the  

machine c a l c u l a t i o n  w e  accounted fo r  t h e  thermocouple h e a t  l eaks  by t rea t -  

ing  each lead l o c a t i o n  as a hea t  s ink .  The hea t  flow was es t ima ted  us ing  

the  procedures  developed i n  Appendix I1 of t h i s  r e p o r t .  An emi t tance  of 

0.97 was assumed. It was a l s o  assumed t h a t  no hea t  flowed through the  

super  i n s u l a t i o n  surrounding the  hea te r  o r  PVC. Refe r r ing  t o  Table  V I ,  i t  

can be  seen  t h a t  t h e  temperatures  a re  i n  f a i r  agreement,  w i th  the  c a l c u l a t e d  

h e a t e r  end temperatures  lower than those measured. 

I n  Table  VI1 w e  have tabula ted  the r e - r a d i a t e d  power and the 

apparent  j o i n t  conductance f o r  each model a t  d i f f e r e n t  power l e v e l s .  The 

r e - r a d i a t e d  power was obta ined  by computing the  mean i n t e n s i t y  of t he  

thermal  r a d i a t i o n  leaving  each of the  two r a d i a t i n g  s u r f a c e s ,  ( P a r t s  A and 

C i n  F igu re  1). The measured temperatures were used t o  e s t a b l i s h  the  T 

d i s t r i b u t i o n .  The mean i n t e n s i t y  was found by numerical  i n t e g r a t i o n  us ing  

Simpson's r u l e .  An emi t tance  of 0.97 was assumed. I n  t h i s  c a l c u l a t i o n  w e  

accounted f o r  the  r a d i a n t  interchange between the model and the LN tempere- 

t u r e  w a l l s  of  t h e  t e a t  chamber. A uniform temperature  of 7 7  K was assumed. 

I n  a l l  of the  Model 82 tests t h e  r e - r ad ia t ed  power was one t o  two pe rcen t  

less than t h e  computed h e a t e r  input  power. The computed r e - r a d l a t e d  power 

f o r  Model #1 was less than the  hea ter  power f o r  two power l e v e l s  and 

4 

2 
0 

.$ 
2Lrthut D.'tlittle.Bnc. . 
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TABLE V I 1  

COXPARISON OF HEAT BALANCES AND JOINT CONDUCTANCES 

Heater 
Power - Run - Mode 1 (watts) 

2 1 3.204 

2 1 4.342 

2 1 4.810 

9 2 .720 

9 2 ,980 

9 2 1.085 

R e  -rad ia t c d  
Power 
(watts) 

3.0797 

4.3119 

4.8234 

0.7046 

0.9633 

1.0693 

Apparent j o i n t  
Conductanc 

% Deviation w.tts/cu K 
10 

-3.88 1.02 

-0.69 1.16 

M.28 1.11 

-2.13 1.30 

-1.70 1.37 

-1.45 1.36 
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s l i g h t l y  g r e a t e r  f o r  the  h ighes t  power l e v e l .  I n  t h i s  t a b l e  the  dev ia t ion  

i s  re ferenced  t o  the c a l c u l a t e d  hea ter  i npu t  power. 

The c a l c u l a t e d  r e - r ad ia t ed  power was less than inpu t  power in -  

d i c a t i n g  t h a t  t h e  e f f e c t  of  thermocouple hea t  l e a k s  was s i g n i f i c a n t .  Note 

t h a t  t h e  l a r g e s t  dev ia t ion  r ep resen t s  a d i f f e r e n c e  of on ly  120 m i l l i w a t t s .  

A s i g n i f i c a n t  f r a c t i o n  of  t h i s  dev ia t ion  could be a t t r i b u t e d  t o  thermocouple 

h e a t  l eaks .  We conclude t h a t  t he  hea t  balances are  w i t h i n  a reasonable  de- 

g ree  of accuracy cons ider ing  the  f a c t  t h a t  v a r i a t i o n s  i n  the s u r f a c e  emi t t ances ,  

i n s u l a t i o n o ,  leaks,  and the  hea t  flow i n  the  in s t rumen ta t ion  connect ions lead  

t o  u n c e r t a i n t i e s  of t h i s  magnitude. I 

The apparent  joint conductance was computed from the  measured 

temperature  drop ac ross  the  PVC i n s u l a t o r ,  and the  n e t  h e a t  flow d i s s i p a t e d  

by t h e  end of  t he  model (Pa r t  C of  l i g u r e  1). I n  a d d i t i o n ,  w e  accounted f o r  

t he  h e a t  l eak  through the  thermocouples us ing  the  method de r ived  i n  Appen- 

d i x  XI. The apparent  conductance was obta ined  from the  express ion  

where - n e t  power r a d i a t i v e l y  d i s s i p a t e d  by P a r t  C vr 
$ - thermocouple heat  l eak  ( ca l cu la t ed )  

A - c r o s s - s e c t i o n a l  area of model 

AT - temperature drop acros8  t h e  PVC as measured by T5 - Tg 

/ '  
Brthur B.Ptttlo,llnt. ' ' 



It Should be noted t h a t  t he  c o r r e c t i o n  f o r  the thermocouple l o s s e s  is a 5 2  

only approximate; however, t h i s  l o s s  wao e s t i m a t e d  as approximately 8 per-  

c e n t  of t h e  r e - r a d i a t e d  power. From Table V I 1  i t  can be seen t h a t  the ap- 

p a r e n t  j o i n t  conductance of Model #l w a s  computed t o  be lower than Model #l; 

however, f o r  a given atode1 the  computed conductances d i d  no t  v a r y  by more 

than 12 p e r c e n t .  I f  we compute an  average apparent  j o i n t  conductance the  

maximum d e v i a t i o n  of t he  computed values  is approximately +15 pe rcen t .  

i n v e s t i g a t e d  the  magnitude of t h i s  d e v i a t i o n  by computing an u n c e r t a i n t y  

Interval  f o r  t h e  apparent  conductance based on estimates of the  accuracy of 

t h e  temperature readings and an estimate of t he  u n c e r t a i n t y  i n t e r v a l  of 

t h e  emit tance.  Assuming t h a t  t he  temperatures were measured t o  w i t h i n  1 C,  

We 

0 

and t h e  emit tance was 0.97 + 0.01, we c a l c u l a t e d  t h a t  t h e  most probable  un- 

c e r t a i n t y  i n  the  j o i n t  conductance for a g iven  model would be 0.10 x 10 

u a t t s / c m  K. 

t he  same o r d e r  of magnitude as the  spread i n  the  data.  

j o i n t  conductances of Models P1 and # 2 ,  one must add i n  the u n c e r t a i n t i e s  

involved i n  t h e  s c a l i n g  procesb. 

-3 

Th i s  u n c e r t a i n t y  alone is approximately 10 pe rcen t  which is  20 a 
I n  comparing the  

I .  

IZlrthur D1.2ittle,3nt. 
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APPENDIX I1 

THERMOCOUPLE SCALING 

Consider t he  case of a thermocouple w i r e  which a c t s  l i k e  a 

"long" f i n .  Ope end is maintained a t  T i .e. ,  a t  the  modelrand t h e  wire is  

l o s i n g  h e a t  by r a d i a t i o n  t o  a law-temperature s ink .  

r a d i a t i o n  from t he  surrounding s i n k ,  t he  h e a t  flow along t h e  wire l eng th  

(assuming t h a t  r a d i a l  g rad ien t8  are 8-11) is  given by the expres s ion  

0' 

I f  w e  n e g l e c t  any re- 

-k Ac - d2T + p crT4  .I 0 2 dx 

- c r o s r - s e c t i o n a l  area 
AC 

where 

p - perimeter 

Th i s  equa t ion  can be i n t e g r a t e d  once t o  y i e l d  

I 

q - - k * d r /  dx X I 0  - \ /2/5 p e4T: k A C 

11-1 

11-2 

This i s  the  h e a t  loss from t h e  end of a rod whose end temperature i s  T . 
0 

I n  the a c t u a l  case of i n r u l a t e d  thermocoupla l e a d s  i t  can be 

shown t h a t  t he  temperature g rad ien t  from tho i n n e r  copper or conetantan 

w i r e  t o  t he  outermost s u r f a c e  is less than a degree f o r  nylon or f i b e r g l a s e  

i n s u l a t i o n  when the  r a t i o  of t h e  O.D. t o  t he  wire diameter  is approximately 

6 and t h e  mean temperature is i n  the v i c i n i t y  of O°C. 

Equat ion 1 1 - 2  i s  thus based on the O.D. of the i n s u l a t i o n .  Furthermore,  

The per imeter  i n  



i t  can be shown t h a t  

ductance of t h e  wire 
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t he  conduction along the  l ead  is governed by the  con- 

r a t h e r  than the i n s u l a t i o n .  Thus ,  t he  c r o s s - s e c t i o n a l  

area f o r  n e a t  r ' i o w  i e  'uiii;ed ~ i i  the vir: d i ~ z e t e r ,  er?d the c o n d u c t i v i t y  i n  

Equation 11-2 Is t h a t  of t he  w i r e  material. 

I n  Models #1  and # 2  the thermocouples were made of i d e n t i c a l  

wire materials, had the same i n s u l a t i o n  and t h e r e f o r e  approximately the 

same emi t t ance ,  and a t  i d e n t i c a l  geometric l o c a t i o n s  would have t h e  same 

temperatures .  I n  t h i s  ca se  the  r a t i o  of the h e a t  l eaks  a long  t h e  tharmo- 

couple l eads  i n  Models 61 and 82 Is given by the expres s ion  

where 

Do - i n s u l a t i o n  O.D. 

Di - wire diameter 

s u b s c r f p t s  1, and 2 refer t o  F igu re  1 nomenclature 

The thermocouple lead dimensions were: - 0.024",  Di - 0.005" - 0.0045", Di - 0.0038" 
DO 

DO 

Hodel #1 

Model # 2  

With t h e s e  values 

11-3 

q2 - - 0.33 

. .  
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Using the  thermal conduc t iv i ty  of  Models #1 and QZ we c a l c u l a t e d  

t h a t  t h e  r a t i o  of i npu t  powers (or l o s ses )  would be 0.223, ( c . f .  S e c t i o n  

11-2;. Wl.0. &US cLrr--r...-laa L t S = i r w r v v r L b O  a== therefere s t  a z c r l y  scaled  (nfcce we cnl?ld 

no t  f i n d  lead6 wi th  the  appropr i a t e  dimension);  however, s i n c e  t h e  h e a t  

l eaks  are sma l l  we would cons ider  the  d i f f e r e n c e  i n  the  s c a l e  f a c t o r  a6 

having a minor e f f e c t  on the  temperature d i s t r i b u t i o n .  

Based on t he  measured thermocouple dimensions of Mode1 #l we 

c a l c u l a t e d  t h e  t o t a l  h e a t  l eak  pe r  thermocouple ( f o r  a copper and a con- 

s t a n t a n  lead) as a func t ion  of t he  end temperature  us ing  Equat ion 11-2. (The 

emi t t ance  war assumed t o  be 0.9, k I 4.0 watts/cm°K f o r  copper and k I 0.25 

w a t t s / c m  K f o r  cons t an tan ) .  
0 

To (K) q, (mi l l iwa t t s )  

300 

200 

27 

10 

q ( m i l l i w a t t s )  2 

9 

3.3 
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INTRODUCTION 

A f t e r  des igning ,  f a b r i c a t i n g  and t e s t i n g  t h e  thermal models desc r ibed  

Fr? Ref~rence 1,a discrepancy was discovered between the  o r i g i n a l  data f o r  

t he  thermal  conduc t iv i ty  of one of t h e  model materials and t h e  va lues  pub- 

l i s h e d  by the  Nat iona l  Bureau of  Standards (Reference 3) .  One thermal  

mode1 was s i z e d  on the  b a s i s  of an i n c o r r e c t  thermal  conduc t iv i ty  va lue  

as publ i shed  by NBS, and the  purpose of t h i s  Addendum is  t o  set  f o r t h  the  

i m p l i c a t i o n s  of t h i s  va r i ance  i n  terms of t he  t e s t  r e s u l t s .  

I n  t h i s  Addendum t h e r e  imp l i ca t ions  w i l l  be o u t l i n e d  by r e f e r r i n g  t o  

t h e  o r i g i n a l  thermal  modeling t e e t s  a8 desc r ibed  i n  Reference 1, and t h e  

r e a d e r  should f i r s t  become f a m i l i a r  w i t h  t h a t  document. 

DISCUSS ION 

I n  Reference 1 i t  was shown t h a t  thermal modeling f o r  i d e n t i c a l  

s t e a d y - s t a t e  temperature  d i s t r i b u t i o n s  i n  model and pro to type  would s a t i s f y  

t h e  fo l lowing  laws (provided t h a t  t h e  t o t a l  hemispher ica l  emi t tance  and 

t h e  absorbed f luxee  a r e  similar) : 

L2 - L1 

K1 K2 

c1 = c 2  

1 -  

*1-1 4zfL2 

where 

K - thermal  conduc t iv i ty  (watte/cm°K) 

L - l i n e a r  dimensions (can) 

Brthur ID.ZtttIe.llnc. 



20  C - thermal  c o n t a c t  conductance (watts/cm K) 

q* - i n t e r n a l  power ggne ra t ion  pe r  u n i t  
volume (watts/cm ) 

Thus the  l i n e a r  dimensions of the pro to type  and model were sca l ed  as 20:- 

lows : 

The p ro to type ,  h e r e i n  r e f e r r e d  to  as node1 #l, was f a b r i c a t e d  from Amco 

i r o n ,  a r e l a t i v e l y  pure i r o n  recognized as a thermal c o n d u c t i v i t y  s t anda rd .  

A s c a l e  model (approximately one hal f  t h e  s i z e  of t he  pro to type)  was fab-  

r i c a t e d  of SAE 4130 s tee l .  The dimensions of t h i s  scale model (#2) were 

ob ta ined  from the  above express ion  us ing  the  thermal  conduc t iv i ty  va lue  f o r  

Armco i r o n  r epor t ed  i n  Reference 2 ,  and t h a t  r epor t ed  i n  Reference 3 f o r  

S A E  4130. 0 The va lues  chosen ( a t  a mean temperature  of  +10 C) were 

0.35 
0.741 = - = 0.472 K2 - L2 

L1 K1 
= -  

The measured temperature d i s t r i b u t i o n s ,  the  phys ica l  dimensions,  and the  

d e t a i l s  of t he  appara tus  are presented i n  Reference 1. 

The tes t  r e s u l t s  i nd ica t ed  t h a t  t h e  measured temperature  g r a d i e n t  a t  

t h e  hea ted  end of node1 # 2  was l e s s  than  t h 8 t  measured f o r  Model #l. For  

example, i n  Table  VI (p. 48, Reference 1) t h e  measured temperatures  f o r  t he  

t w o  models (at  an equ iva len t  sca led  inpu t  power) are g iven  as: 
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’ Model 1 Model 2 

TC 1 154’K 160°K 

-- 1 E C  .Ian 
L L L  A A A  

TC3 156 162 

TC 5 327 327 

TC 7 340 336 

I n  t h e  d i s c u s s i o n  of t h e r e  r e s u l t s  i t  w a s  shown t h a t  t h e  temperature 

g r a d i e n t  across the  PVC s e c t i o n  of t h e  models, v i t .  TC5-TC3 is p r i m a r i l y  

in f luenced  by the  c o n d u c t i v i t y  of t he  PVC and t h e  small amount of power 

r e - r a d i a t e d  by t h e  extreme end of the  model. The e r r o r  i n  t h e  thermal con- 

d u c t i v i t y  of t he  S A E  4130 w i l l  p r imar i ly  i n f l u e n c e  the  temperature g r a d i e n t  

i n  t h e  h e a t e r  end of t he  model (TC7-TC5) and the  fol lowing d i s c u s s i o n  

p r i m a r i l y  re la tes  t o  t h a t  e f f e c t .  

With the  l i n e a r  dimensions of Models #I  and #2 s c a l e d  by t h e  r a t i o  

= 0.472 0 .35  
0.741 

= -  K2 L2 - 
Ll K1 

I -  

t he  measured g r a d i e n t s  i n  the  hea te r  end of the models were 

7-5 A T  MODEL TC7 TC5 
1 327OK 13’K 

2 336 327 9 

Thus the  measured g r a d i e n t  i n  Model #2 was some 30 p e r c e n t  lower than t h a t  

i n  Model 1. 

I n  Reference 4 ( t h e  o r i g i n  of t he  SAE 4130 d a t a )  t he  thermal con- 

-1 0 -1 
d u c t i v i t y  of SAE 4130 i s  given a8 0.0974 cal  c m - l  sec K a t  a 

lZIrthur jD.2ittIe.llnt. 
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0 
temperature  of +10 C which corresponds t o  0.408 watto/cm°K. Thus a more 

p r e c i s e  dimensional  r a t i o  would have been 

T Y 

I- o*408 - 0.550 
0.741 

- L2 . c -  "2 

L1 K1 

i n s t e a d  of t h e  0.472 r a t i o  t h a t  was used.  (The d iscrepancy  i n  K2 be- 

tween t h e  o r i g i n a l  d a t a  Reference 4, and t h a t  publ i shed  in Reference 3 was 

brought  t o  t h e  a t t e n t i o n  of NES by t h e  au thor8  and subsequent ly  acknaw- 

ledged by R. H. Kropochot on November 2 7 ,  1962. )  

The impl i ca t ions  of t h i s  e r r o r  i s  t h a t  the l i n e a r  dimensions of Model 

92 were made smaller than would be c o r r e c t  i f  t h e  c o r r e c t  va lue  of  the 

thermal  conduc t iv i ty  of SAE 4130 were used. I n  a d d i t i o n ,  because the  thermal 

c o n d u c t i v i t y  of Hodel # 2  was g r e a t e r  than  t h a t  which would be c o r r e c t  f o r  

a proper  model having i t s  l i n e a r  dimensions and sca l ed  power i n p u t ,  w e  

would expec t  t o  measure smaller temperature g rad ien t8  i n  Model P2. 

To determine t h e  in f luence  of an  e r r o r  i n  the  thermal  conduc t iv i ty  of 

Model # 2  w e  completed a d i g i t a l  computer c a l c u l a t i o n  of the  model tempera- 

t u r e c  a s  func t ions  of t he  thermal conduc t iv i ty .  The inpu t  power, dimen- 

s i o n s ,  e tc .  were he ld  cons t an t  i n  t h e  c a l c u l a t i o n .  This  c a l c u l a t i o n  was 

similar t o  t h a t  descr ibed  i n  Reference 1. From these  results the  f o l -  

lowing p a r t i a l  d e r i v a t i v e s  were obtained:  

b(DT 7 -5 1 - - 17.26 0 2  K cm/watt 
b K  

2r thur D.7Lit tIe.3nc. 
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Thus t h e  major e f f e c t  of an e r r o r  i n  thermal c o n d u c t i v i t y  is t o  change the  

temperature  g r a d i e n t  a t  the h e a t e r  end. 

Using t h e  o r i g i n a l  thermal conduc t iv i ty  d a t a  (Reference 4) we estimate 

t h a t  t he  e r r o r  i n  the  conduc t iv i ty  is  

w a t t  

cm K 
D K 2  p 0.408 - 0.35 0.058 7 

then 

A ( A T 7 - 5 )  = - 17.26  (0.058) = - l .O°K 

Th i s  means t h a t  t he  measured temperature g r a d i e n t  i n  Model # 2  should have 

been approximately l 0 K  lower than t h a t  measured f o r  Model #l a t  t h e  ap- 

p r o p r i a t e  s ca l ed  inpu t  power l eve l s .  Cor rec t ing  the  exper imenta l  r e s u l t s  

f o r  Model # 2  on t h i s  b a s i s  w e  have 

A T 7 - 5  (Meaeured) h T - (Cor re c t ed) MODEL 

1 13’K 13OK 

2 9OK lOoK 

I n  these  co r rec t ed  r e s u l t s  the e r r o r  of 3OK i n  the  g r a d i e n t  i s  approaching 

the  u n c e r t a i n t y  i n t e r v a l  i n  the temperature measurements. 

For  the  model conf igu ra t ions  t e s t e d  i n  Phase I ,  an u n c e r t a i n t y  of  

0 
+10 percen t  i n  the  thermal conduct iv i ty  r e s u l t s  i n  a + 0.7 K u n c e r t a i n t y  

i n  t h e  temperature  g r a d i e n t  a t  a temperature l e v e l  of 328 K whereas the  

u n c e r t a i n t y  i n  t h e  mean temperatures i s  less than  1/4 K. 

0 

0 

SUMMARY AND CONCLUSIONS 

Subsequent t o  the  des ign ,  f a b r i c a t i o n  and t e s t i n g  of the  two thermal 

models used i n  Phase I of t he  sub jec t  c o n t r a c t ,  an e r r o r  was discovered  
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i n  t h e  thermal conductivity dilta used t o  des ign  one of  t he  models. A para-  

metric s tudy  of t he  e f f e c t s  of t h i s  e r r o r  on t h e  exper imenta l  temperature  

dete was made us ing  a d i g i t a l  computer s o l u t i o n .  The resu l t s  ind ica t ed  

t h a t  t h e  experimental  e r r o r  i n  the  measured temperature  g r a d i e n t s  was re- 

duced when a more p r e c i s e  va lue  of the  thermal conduc t iv i ty  was used. 

We conclude t h a t  f o r  the  p a r t i c u l a r  models t e s t e d  i n  Phase I ,  un- 

c e r t a i n t i e s  i n  thermal conduc t iv i ty  are r e l a t i v e l y  unimportant i n  t e rm 

of t h e  mean temperature l e v e l s  and the  g r a d i e n t s .  I n  o t h e r  thermal  model 

c o n f i g u r a t i o n s  i t  may be necessary t o  o b t a i n  p r e c i s e  informat ion  on the 

g r a d i e n t s ,  and t h e  u n c e r t a i n t i e s  i n  thermal p r o p e r t i e s  could become un- 

important. 

arthut D.Xittle.Bnr. 
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